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THE EFFECT OF 2,4-DINITROPHENOL ON THE TISSUE 
CONCENTRATION OF IODINE-CONTAINING COMPOUNDS 
IN ISOTOPICALLY EQUILIBRATED INTACT RATS 


- By GABRIELLA MORREALE DE ESCOBAR 
AND F. ESCOBAR DEL REY 


From the Instituto ‘G. Marattén’, Consejo Superior de Investigaciones 
Cientificas, Centro de Investigaciones Biolégicas, Velazquez, 
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(Received 25 January 1961) 


It has been repeatedly shown (Wolff, Rubin & Chaikoff, 1950; Goldberg 
& Chaikoff, 1951; Goldberg, Wolff & Greep, 1955, 1957; Castor & Beier- 
waltes, 1956) that the administration of 2,4-dinitrophenol to mammals is 
accompanied by a sharp decrease of the plasma PBI without an increase of 
TSH secretion by the pituitary. (The following abbreviations are used: 
2,4-dinitrophenol (DNP); thyroid-stimulating hormone (TSH); protein- 
bound iodine (PBI); trichloracetic acid precipitable (TCAp); thyroxine- 
binding globulin (TBG).) These findings are usually considered to be due 
_ to ‘disruption’ of the classical thyroid—pituitary feed-back mechanism. 
Goldberg et al. (1957) showed that the pituitaries of DNP-treated animals 
had not lost the ability of reacting to other stimuli, and concluded from 
their results that the data ‘were not consistent with the simple classical 
feed-back theory of thyroid—pituitary interrelationships. It is likely that 
the pituitary cells secreting TSH are influenced not only by the actual 
circulating level of thyroid hormone(s) but by one or more of its peripheral — 
actions’. 

Data obtained while studying the influence of DNP on the peripheral 
metabolism of t-thyroxine in thyroidectomized, L-thyroxine-maintained 
rats (Escobar del Rey & Morreale de Escobar, 1958a, 6) led us to suggest 
that the sharply lowered plasma PBI of treated animals might not neces- 
sarily mean that a similar decrease had occurred in the concentration of 
thyroid hormone in the peripheral tissues: we had observed and have later 
confirmed in more extensive experiments in vivo and in vitro (Morreale de 
Escobar & Escobar del Rey, 1961) that DNP alters the normal partition 
of the thyroid hormone between plasma or protein-free incubation media 
and cells in favour of the latter. 

It has been the working hypothesis for this work that, in non-thyroidec- 
tomized rats receiving DNP, the tissue concentration of thyroid hormone(s) 
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might remain within normal limits, despite the very low plasma level. If 
this were confirmed, the lack of a TSH-secreting response to the sharp 
lowering of the plasma PBI might be interpreted as an indication that the 
mechanisms controlling TSH secretion are more sensitive to factors related 
to the intracellular concentration of thyroid hormone than to its circulating 
level. Whenever the plasma concentration of thyroid hormone no longer 
reflected intracellular events, PBI data alone might lead us to conclude 
wrongly that there was ‘disruption’ of the thyroid—pituitary servo 
mechanism. 

The concentration of iodinated compounds in tissues was taken as an 
index of their thyroid hormone content. Owing to difficulties inherent in 
present techniques for the chemical determination of iodinated compounds 
in most tissues, an isotope equilibrium dilution method was adopted, 
similar to that proposed by van Middlesworth (1956). 


METHODS 


Unless otherwise stated the general procedure was as follows: either male or female young 
adult Wistar rats were fed on a low-iodine, medium-residue, Remington diet for at least a 
month before and during equilibration with radio-iodide. Since its exact iodine content was 
not known, the same batch of feed was used for a given group throughout the experiment. 

Isotopic equilibration of the iodine-containing compounds in the animals was achieved by 
the daily administration (in the feed or by intraperitoneal injection) of radio-iodide, follow- 
ing in general the procedure of van Middlesworth (1956). The dose range for different 
experimental groups was I~ 2—4 pg/rat/day, labelled with less than 1 yc of ™'I, as determined 
on the first day of administration. Attainment of isotopic equilibrium was assessed for each 
- experimental group by one or more of the followmg criteria: attaining a plateau of neck 


181¥ count and of the individual urinary and faecal excretions; recovery of at least 95 % of 


the daily administered dose in the excreta; constancy of plasma, tissue and thyroid I; 
constancy of the specific activity of the plasma PBI. By these criteria and in these experi- 
mental conditions, isotopic equilibration of the major iodine compartments was reached in 
16-20 days. 

Half the equilibrated group then received 2-4mg DNP/rat/8 hr in the feed or intra- 
peritoneally. These animals and their untreated controls were killed at different times after 
the last DNP injection. Blood was withdrawn under ether narcosis after 1.v. heparin, and 
the animals were then exsanguinated from the inferior vena cava. It later became necessary 
to alter the procedure by perfusing the animals at necropsy with 150 ml. of saline, after 
extraction of about 5 ml. of blood. The technique was checked in a group of radio-iodide- 
equilibrated rats, injected with Evans Blue and killed with perfusion half an hour later; it 
was then found that the ratio of colour to TCAp-!I was the same in both whole plasma and 
perfusate. The ™I distribution throughout the whole body was determined as previously 
described (Escobar del Rey & Morreale de Escobar, 1958a); the procedure for the deter- 
mination of the TCA-precipitable fraction of iodinated compounds was, however, modified 
by the addition before fractionation of thiourea and of non-radioactive plasma (the latter to 
tissue samples) in order to avoid spurious results due to the presence of haemoglobin 
. (Rosenberg, 1959) and to ensure a sufficient thyroxine-binding protein content. 

Radioactivity was determined with a thallium-activated sodium iodide well-type scintil- 
lation crystal and the results are expressed as percentage of the dose of radio-iodide ad- 
tninistered daily. Since the animals were maintained in isotopic equilibrium until necropsy, 
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it is valid to assume that the concentration of iodinated compounds in a given sample was 
proportional to its radioactivity. The minimum iodine content in a given sample may be 
caleulated from the latter and from the specific activity of the exogenous iodide. External 
sources of sodine other than the administered labelled iodide were kept as low and as constant 
as possibie, and should influence figures of both DNP-treated and untreated animals in the 
same way. Since for technical reasons the total iodine intake was not known, the results 
reported here are expressed as pereentages of the known dose administered daily and not in 

mass units. 

Stable iodine determinations i in plasma were carried out by the wet-ashing procedure of 
Connor, Swenson, Park, Gangloff, Lieberman & Curtis (1949). 

Carrier-free ™*I-iodide was obtained from the Radiochemical Centre, Amersham (England). 
L-Thyroxine, labelled in the 3’- and 5’-positions was supplied by Abbott Laboratories 
(U.S.A.). 

DNP was purified by two crystallizations from acetone; it was dissolved in NaOH solution 
and neutralized with HCl so that the final solution was approximately 0-9 g/100 ml. NaCl 
solution. When DNP was injected intraperitoneally, the dose was contained in 0-5 ml.; 
equal volumes of isotonic saline were injected into the controls. 


RESULTS | 

Experiments with several different groups of animals as described above 
repeatedly showed both with males and females (Table 1) that the ratio 
between the TCA-precipitable iodinated compounds in the carcass to that 
in the plasma was always higher in the DNP-treated animals, the increase 
being 33-200°% of the control value. (By ‘carcass’ is understood the 
mechanical homogenate consisting mostly of skeletal muscle and bones 
- obtained after removal of blood, organs, gastro-intestinal tract, abdominal 

fat and skin.) Though not shown in this table, the same occurred for the 
ratio between heart, brain, kidney, spleen, etc., and plasma. This ‘shift’ in 


TaBLE 1. The effect of DNP administration on the tissue-plasma partition of 


iodine-containing compounds in rats isotopically equilibrated with radio-iodide 


TCAp “I in 1 g carcass 
TCAp ™T j in | 1 ml. plasma 


4 
Increase over 


| Timeon _ DNP- control value 
Group DNP Control _ treated (%) 
If 24 hr 0-23 0:39 < 0-001 ' 70 
5 days 0-23 0-42 < 0-001 83 
Il f 22 hr 0-21 0-28 < 0-01 33 
5 days 0:25 0-35 < 0-02 40 
III m 5 days 0-10 0-16 < 0-001 58 
IV f 4 days 0-20 0-60 < 0-001 200 
*V m days 0-10 0-25 < 0-001 150 
VI m 4 days 0-15 0-40 < 0-001 167 


Animals of all these groups were in isotopic equilibrium with exogenous labelled iodide as 
ascertained by several criteria (see Methods); other experimental conditions, such as radio- 
iodide dose and mode of administration, DNP dose level, route and frequency of administra- 
tion, moment of observation of 1*I distribution, were different. 

* Underlined groups correspond to animals thoroughly perfused at necropsy. 
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the distribution of iodine-containing compounds between plasma and 
tissues in favour of the latter resulted from the sharp decrease during 
DNP administration of the plasma concentration (down to 50-25 % of the 
control value), whereas the concentration of such compounds in the carcass 
remained unaltered in most experimental groups or decreased somewhat 


in others, but always to a lesser extent than did the plasma concentration. 


TaBtE 2. Influence of DNP on the distribution of iodine-containing compounds 
in rats isotopically equilibrated with radio-iodide 


% of daily dose: mean +s.D. 


DNP-treated Control 

(4) (4) P 
Thyroid 424+ 59 411+63 
Plasma (1 ml.) 0-285 + 0-026 0-942 + 0-084 < 0-001 
Plasma (1 ml.) TCAp 0:202+0-025 . 0-840 + 0-100 < 0-001 
Carcass (1 g) 0-184 + 0-028 0-187 + 0-013 
Carcass (total) 19-5 +2-7 16-9 +2°3 
Liver (total) 4:03 +1-08 6-48 +1-73 — 
Intestines (total) 11-61 +3-40 8-48 +2°55 — 
Carcass: plasma ratio 0:66 +0-18 0-18 +0-5 0-01-0-001 


_ Female rats, weighing 180-200 g, isotopically equilibrated with radio-iodide 4 pg/rat/day 
for 25 days, treated for 5 days with 3 mg DNP/8 hr; killed 4 hr after the last injection of 


Serum Carcass Thyroid — 
(1 ml.) (10g) (1:200) 


% daily dose 13 


8 


P=<0 ~ = 

Fig. 1. Influence of DNP on the content of iodine-containing compounds in plasma, © 
carcass and thyroid. Male rats, weighing 240-260 g, isotopically equilibrated with 
radio-iodide 3 pg/rat/day for 5 days and killed 7 hr after the last injection. The 
means of data from ten animals in each group are indicated. TCAp I; 
TCA soluble “I; Z total 


0 


In those experimental groups where the carcass radioactivity remained 
the same in both DNP-treated and control animals, no change was ob- 
served in the mean thyroid “I content. On the contrary, in some animals 
where a decrease of the carcass concentration of iodine-containing com- 
pounds had occurred, an increase of the mean total thyroid “I was found. 
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Table 2 and Fig. 1 show typical examples of both types of response. This 
difference in response to the administration of DNP from one experimental 
group to another was most unsatisfactory; similar variability in the 
response to DNP of other parameters had also been observed by others 
(Goldberg & Chaikoff, 1951; Goldberg et al. 1957). It did not appear to 
depend on the sex of the animals used. Closer examination of the experi- 
mental conditions employed and the type of response obtained showed 
that whenever a decrease in the concentration of iodine-containing com- 
pounds had been observed in the carcass, the animals had been killed | 
6-8 hr or more after the last dose of DNP. Indeed, the lowest tissue con- 
centrations we observed were found in an experimental group which had 
been killed 12 hr after the administration of the daily feed containing 
12 mg of the drug. The highest tissue concentrations of iodine-containing 
compounds was found in animals killed about 4 hr after the last DNP 
injection. Qn the other hand, in vitro experiments which were being carried - 
out simultaneously (Morreale de Escobar & Escobar del Rey, 1961) 
showed that the increase induced by DNP in ‘uptake’ of *I-L-thyroxine 
by rat R.B.c. and diaphragms depended on the concentration of the latter 
and needed time to reach a maximum. It was therefore possible that, as 
time elapsed after the administration of DNP to the animals,'the circulating 
concentration of the drug decreased, and with it the extent of the ‘shift’ of 
iodine-containing compounds from the plasma to tissues. 

The effect of DNP on the tissue concentration of iodine-containing com- 
pounds was therefore re-investigated at different times after DNP admini- 
stration; some of the results obtained for a group of female rats weighing 
180-200 g at necropsy, isotopically equilibrated on 4 wg I-/rat/day for 
25 days, which had received 3 mg DNP every 8 hr during the last 4 days, 
are shown in Fig..2. As may be seen, the concentration of iodinated TCA- 
precipitable compounds in the plasma of the DNP-treated animals was 
about 25% that of the controls during the whole period of observation. 
On the other hand, the concentration of these ¢ompounds in the carcass 
(and, though not shown in the figure, in brain, heart, etc.) became the » 
same as that of the control group 1 hr after the last intraperitoneal 
injection of DNP and was still so at 4 hr. By 8 hr it had decreased to about 
two-thirds of the contro] value. The carcass:plasma ratio of iodine- 
containing compounds clearly reflected these findings, showing a rapid 
increase soon after the injection of DNP and reverting almost to control 
values by 8 hr, at which time the concentration of DNP in the plasma had 
fallen to low levels. The thyroid iodine remained unaltered in both groups 
during the whole period. Since the animals had been receiving the drug 
periodically (every 8 hr) it seems valid to conclude that a similar pattern of 
events as that found during the 8 hr observation period (Fig. 2) had been 
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repeating itself, the plasma concentration of iodinated compounds being 
continuously low, that in the tissues varying within limits much nearer to 
the control range. : 


vor” Plasma (1 ml.) 600F Thyroid 
10+ 400} 
| 
E010... Plasma DNP 
BOOS 
DNP 
04 
0-2 $---4-- 3 
DNP 2 4 6 pee DNP 2 4 6 40 


Hours after a DNP injection 


Fig. 2. Influence of DNP on the distribution of iodine-containing compounds in the: 
plasma, carcass and thyroid at different times after the last injection of the drug. 
Female rats, weighing 180-200 g, isotopically equilibrated with 4 yg radio-iodide/ 
rat/day over a 25-day period, treated with 3 mg DNP/8 hr for 4 days. Data are 
expressed as percentage of the administered radio-iodide; the mean+s.D. being 
given. Changes in the plasma concentration of DNP with time are also shown. 
O DNP-treated; @ controls. 


From other experiments another factor which might have been influ- 


encing these results emerged. In order to determine the ratio of carcass to 
plasma concentrations of iodine-containing compounds for very low and 
very high levels of circulating thyroid hormone, thyroidectomized rats 
were maintained and isotopically equilibrated at different dose levels of 
L-thryoxine (0-4-100 yg L-T,/rat/day). It was found that over a very wide 
concentration range there was roughly ten times more TCA-precipitable 
iodine in 1 ml. plasma than in 1 g peripheral muscle, heart, brain, etc. 
This would mean that blood retained in the tissues would give artificially 
high values of the tissue concentrations of iodinated compounds, It was 
therefore possible that at least part of the decrease in iodinated compounds 


that had been observed in the peripheral muscle of some DNP-treated _ 


groups was actually due to the great decrease in the concentration of these 
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compounds in the plasma retained in tissues at necropsy. Assuming the true 
(no retained plasma) concentration of iodine-containing compounds of the 
peripheral muscle of DNP-treated and control animals to be the same, 
the plasma content for DNP-treated rats to be one-third that of controls, 
and that about 3 ml. of plasma could easily remain in 100 g of peripheral 
muscle at necropsy, a 20%, decrease of the apparent carcass concentration 
_ in DNP-treated animals would be accounted for. A greater decrease in the 
plasma concentration would result in an even larger artifactual difference 
between the carcass data for DNP-treated and control animals. 


Plasma (1 mi.) Carcass (1g) , Thyroid 
TCAp TCAp (total) 
0:08 
200k 
> | 
100+ 
| 


0 
| P< 0-001 P=0-05 0-02 
Fig. 3. Plasma, peripheral muscle and thyroid content of iodinated compounds in 
male rats, weighing 260-280 g, isotopically equilibrated on radio-iodide 4 ug/rat/ 
day over a 26-day period, treated with 10 mg DNP in the feed for 4 days and killed 
with thorough perfusion. The mean +8.D. is indicated. 77 DNP-treated; () control. 


For this reason the experimental procedure was altered to include 
thorough perfusion of the rats at necropsy. Figure 3 shows the results 
obtained in such an experiment with a group of male rats, weighing 
260-280 g, which had been isotopically equilibrated with 4 ug I-/rat/day 
and had been treated for 4 days with 10 mg DNP in the feed and 3 mg by 
intraperitoneal injection 20 and 3 hr before being killed. As may be seen, 
the plasma concentration of TCA-precipitable iodine-containing com- 
pounds was very low in the DNP-treated animals, being about one-fourth 
that of the controls; the concentration in the perfused carcass decreased 
about 20%, the difference between both mean values being near the 
borderline of statistical significance (P = 0-05-0-02). The carcass: plasma 
ratio was therefore much higher for the DNP-treated animals. Total 
thyroid iodine content remained unchanged in both groups. 

When the changes with time in the distribution of iodine-containing 
compounds were determined in groups of male rats, weighing 210-250 g, 
isotopically equilibrated on 4 yg I-/rat/day, treated during 5 days before 
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necropsy with 3mg DNP/8 hr, and killed with thorough perfusion at 


intervals up to 11 hr after the last DNP injection, it was found (Fig. 4) 
that the plasma concentration of iodine-containing compounds in DNP- 
treated animals was about one-third the control value, whereas the carcass 
concentration was the same as that in control animals in some groups, 
higher or lower in others, the over-all mean being the same. As has already 


Plasma (1 ml.) | Thyroid 
o 
. = 200- > 
400 
Carcass/Plasma 
0-05r 
0-1 
ARBRE L 7412345674123 
DNP DNP DNP DNP 


Hours after a DNP injection 


Fig. 4. Variations with time of the effect of DNP on the concentration of iodine- 
containing compounds in the plasma, peripheral muscle and thyroid of male rats, 
weighing 220-250 g, isotopically equilibrated on radio-iodide 4 yg/rat/day, treated — 
for 4 days with 3 mg DNP/8 hr and killed with thorough perfusion: mean + s.D. of 
groups of four animals are given. The variations with time of the plasma DNP 
concentration are also shown. © DNP-treated; @ controls; A, A over-all means 
+8.D. over whole period of observation. 


been seen in other experiments (Table 1 and Fig. 2), a ‘ shift? ’ of iodine- 
containing compounds from the plasma to tissues occurred in DNP-treated 
animals and this ‘shift’ was least when the plasma DNP concentration was 
lowest. The mean values for the thyroid iodine content were the same for 
both treated and untreated rats. However, when the individual thyroidal 
iodine contents were plotted against the concentration of iodine-containing 
compounds in the carcass for animals of both groups together, a negative 
correlation was found (P < 0-05); for DNP-treated rats alone, the 


thyroid—carcass correlation was significant at a P = 0-01-0-001 level. No_ 


_ correlation was found when the thyroid values were — against corre- 
plasma, values. 
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As has been stated above and shown in Table 2 and Fig. 2, the apparent 
carcass concentrations of iodine-containing compounds in many DNP- 
treated groups was the same as that in the corresponding controls. From 
the results obtained with perfused animals (Fig. 4) it would not seem too 
speculative to assume that, in some at least of the unperfused groups, the 
true tissue concentration of iodine-containing compounds in DNP-treated 
animals had actually been higher than in the controls and that some of the 
differences between the carcass data for both groups had been smaller. 

The present results underline the necessity of determining the pattern 
of distribution of iodine-containing compounds at different times during 
the experimental procedure, since data obtained at one time only might be 
misleading as to the general sequence of events (see Figs. 3 and 4). More- 
over, we think that changes in dose level, mode and frequency of admini- 
stration of DNP might lead to quantitatively different patterns of 
distribution of iodinated compounds in plasma and tissues; this is a 
possible explanation for many of the differences in the response to DNP 
described by others (Goldberg & Chaikoff, 1951; Goldberg e¢ al. 1957). 
Total perfusion of the animals to eliminate plasma from the tissues is also 
a necessity if data on the iodine content of the latter are sought. 

Though the data are not shown here in detail, the concentration of 
iodinated compounds in the heart was usually lower in the DNP-treated 
animals than in their controls, even in those perfused groups where no 
difference was demonstrable in peripheral muscle. The concentrations in 
the brain, on the contrary, behaved similarly to that in the corresponding 
_ peripheral muscle in all groups. 

We thought it would be interesting to determine the concentration of 
iodine-containing compounds in the pituitaries of DNP-treated and con- 
trol, radio-iodide-equilibrated, intact rats; this was not feasible under our 
experimental conditions, because of the extremely low radioactivities en- 
countered in the glands. For this reason measurements were attempted in 
_ thyroidectomized male rats weighing 200-250 g, isotopically equilibrated 
on 4!J-1-thyroxine 4 yg/rat/day. In such experimental conditions isotopic 
equilibrium is achieved in a much shorter period (5-6 days) and without 
concentration of radioactivity in a small gland, thus permitting the use of . 
higher initial radioactivities (about 3-5 wc/4 wg L-T, as determined on the 
first day of administration). Preliminary results with perfused animals 
show that the iodine content of total pituitaries of DNP-treated animals 
was the same as that of the controls (0-0048 + 0-0007 % dose for the former 
and 0-0050 + 0-0008 for the latter), despite the sharp decrease of the con- 
centration of iodine-containing compounds in the plasma (1:37 +0-17% 
dose for DNP-treated versus 3-06 + 0-21 for the untreated control). The 
corresponding data for the brain were 0-37 + 0-04 % and 0:38 + 0-03 %. 
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Moreover, the variations with time of the iodine content of the pituitaries 
parallelled the changes occurring in peripheral muscle and brain more 
closely than those taking place in the plasma. 

Because of the low radioactivities of the samples obtained from radio- 
iodide-equilibrated intact rats a reliable chromatographic identification 
of the nature of the iodinated compounds in the plasma and tissues was 
not feasible, without using dangerously high initial radioactivities. 


DISCUSSION 


From the experiments reported here we have concluded that in DNP- 
treated rats the lowering of the concentration of TCA-precipitable iodine- 
containing compounds in the plasma does not reflect changes in the 
concentration of these compounds in peripheral tissues, such as skeletal 
muscle, brain, etc. Indeed, the over-all concentration of such compounds 
in these tissues remains within a range comparable to that in untreated 
rats, despite the continuously low circulating level. Preliminary data 
suggest that variations in the iodine concentration in pituitaries of DNP- 
treated rats reflect alterations occurring in brain and skeletal muscle more 
closely than those taking place in the plasma. 

Such a pattern of distribution of iodine-containing compounds appears 
to be brought about chiefly by two factors: (a) The very rapid decrease in 
the plasma level of iodinated compounds was shown (Escobar del Rey & 
Morreale de Escobar, 1958a, b) to be accounted for by the simultaneous 
intense increase of their biliary secretion and, ultimately, a faecal excre- 
tion. (6) The maintenance of a normal or nearly normal concentration of 


iodine-containing compounds in most peripheral tissues probably results 


from the alteration induced by DNP in the normal partition of thyroid 
hormone between plasma and tissues in favour of the latter. This effect is 
reflected in the variations of the carcass-to-plasma ratios of TCA-precipit- 
able iodine-containing compounds reported here. It is also suggested by 
the increased red-blood-cell radioactivity in animals injected with labelled 
thyroxine and DNP (Escobar del Rey & Morreale de Escobar, 1958)). 
Moreover, in vitro determinations of the influence of DNP on the ‘uptake’ 
of thyroxine by human and rat red blood cells and by diaphragms of 
perfused rats consistently showed (Morreale de Escobar & Escobar del Rey, 
1961) that the drug greatly increases the proportion of available hormone 
which is found with the red-blood-cell fraction even under experimental 


conditions which exclude a mechanism involving solely and/or principally _ 


an action on the plasma-protein-hormone complex invoked by others 
(Christensen, 1959, 1960). It was concluded that this DNP effect is chiefly 
exerted directly on the cells, the exact site remaining undetermined. 

It is not known whether the increased biliary secretion of thyroid hor- 
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mone, which is responsible for the low plasma PBI (Escobar del Rey & 
Morreale de Escobar, 19580) is also the result of an increased transfer of 
thyroxine to the liver. If this were so, the entire distribution pattern of 
iodine-containing compounds in these DNP-treated animals could be — 
accounted for by the ‘shift’ of the hormone towards the cells. i 

The situation during DNP administration in the rat may be summarized 
as follows: 


(a) There is no increase in the TSH-secreting activity of the pituitary 
(Goldberg & Chaikoff, 1951; Goldberg et al. 1955, 1957). 


(b) As is shown here, the concentration of iodine-containing compounds in 
peripheral tissues, pituitary included, remains within normal limits; the 
over-all peripheral deiodination of L-thyroxine is also unaltered or some- 
what increased (Escobar del Rey & Morreale de Escobar, 1958a, b). 


(c) It has been repeatedly shown (Wolff et al. 1950; Goldberg & Chaikoff, 
1951; Goldberg et al. 1955, 1957; Escobar del Rey & Morreale de Escobar, 
1958a, 6), and is confirmed here, ne there is a very sharp and rapid 
decrease of the plasma PBI. 


(d) DNP alters both in vivo and in vitro the distribution of thyroid hor- 
mone between plasma and tissues in favour of the latter; data reported 
elsewhere (Morreale de Escobar & Escobar del Rey, 1961) support the 
conclusion that this effect of DNP is mainly exerted by a direct action on 
the cells. 


(e) A negative correlation between the content of iodine-containing com- 
pounds of the thyroid and that of the peripheral muscle was sometimes 
observed, but none between the thyroid content and the plasma PBI. 


These points have led us to the following tentative conclusions: The 
level of circulating thyroid hormone is not always a good index of its 
concentration and metabolism in the peripheral tissues. The same might 
be said of the level of ‘free’ circulating thyroxine. The behaviour of the 
TSH-secreting cells of DNP-treated rats would seem to correlate better 
with parameters such as the concentration and disposal of thyroid hor- 
mone in the peripheral tissues than with its level, whether total or ‘free’, 
in the circulation. 

Though evidence is still fragmentary, there is aul agreement that 
thyroid-hormone—plasma-protein interactions may control the action of 
the thyroid hormone by determining the level of its ‘free’ diffusible form 
in the circulation and hence its transfer to the peripheral tissues (Robbins 
& Rall, 1957, 1960; Pitt-Rivers & Tata, 1959; Dowling, Freinkel & 
Ingbar, 1960). The concentration of free diffusible thyroxine in the blood 
‘would therefore play a major role in the thyroid—pituitary homoeostatic 
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mechanism, a system which is believed to be regulated so as to maintain 
a normal intracellular concentration and metabolism of the thyroid hor- 
mone. We would point out that in such a scheme the level of free thyroid 
hormone in the circulation would be assigned a primary role in the regula- 
tion of TSH secretion only in so far as it determined the rate of transfer 
and of disposal of the hormone in the tissues. However, it appears from 
the present data and those reported elsewhere (Morreale de Escobar & 
Escobar del Rey, 1961) that these parameters might be influenced directly 
via mechanisms not operating at the level of the plasma proteins, but of 
the cells. We venture to suggest as a working hypothesis that TSH- 
secreting cells are sensitive to parameters related to the metabolic situation 
of the thyroid hormone in the peripheral tissues. That this might occur at a 
hypophysial level would not seem excluded by the present results nor by 
those reported by others (von Euler & Holmgren, 1956a, 6; Yamada, 
1959a, 6). Whenever the concentration of circulating thyroid hormone no 
longer reflected theke tissue parameters, as appears to occur in DNP- 
treated rats, if the former alone were considered, the situation would be 
one of an apparent ‘disruption’ of the thyroid—pituitary servo mechanisms. 

These remarks are not meant to convey that the regulating role in 
thyroid—pituitary interrelationships should be assigned to the tissue 
thyroid hormone concentration per se, but to factor(s) somehow related 
to it. Too little is known at present about possible interrelationships, if 
any, between intracellular concentration, degradation, metabolic action, 
etc., of the hormone to venture a more precise hypothesis. 

It seems, therefore, desirable whenever possible to obtain quantitative 
data on the concentration and metabolism of iodinated compounds in the 
peripheral tissues, specially at a hypophysial and hypothalamic level. 
Such information might prove quite valuable in giving us a deeper insight 
into the regulators more directly involved in es interplay 
and the factors which might modify them. 


SUMMARY 
1. The effect of the administration of 2,4-dinitrophenol for several ise 
on the concentration of iodine-containing compounds in plasma and 
tissues of rats was determined, using animals isotopically equilibrated with 
radio-iodide. 

2. It was found that the concentration of TCA-precipitable iodine- 
containing compounds in the plasma of DNP-treated animals was one- 
third or less that of their controls. 

3. The interval between the last administration of DNP and the 
observations influences the actual concentration of iodine-containing 
compounds of the peripheral tissues found; moreover, because the con- 
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centration of iodinated compounds in the plasma of DNP-treated animals 
is much lower than that of controls, the blood retained in the peripheral 
tissues at necropsy may also give rise to artifactual differences in the 
apparent tissue concentration of such compounds. 

4. When the concentration of iodine-containing compounds in the 
tissues of perfused rats, killed at different intervals over a 12 hr period, 
was determined, it was observed that the over-all concentration of these 
compounds in peripheral muscle and brain remains the same in both 
DNP-treated rats and their controls, despite the much lower concentra- 
tion in the plasma of the former. 

5. Preliminary figures for the iodine content of total rat pituitaries 
showed it was the same in DNP-treated and control animals and that its 
variations parallelled those observed in brain and skeletal muscle. 

6. The results obtained indicate that the plasma concentration of TCA- 
precipitable-iodine-containing compounds is not always a good index of 
alterations of the concentration of such compounds in the peripheral 
tissues. 

7. The possible bearing of these findings are discussed in terms of the 
thyroid—pituitary feed-back system. The results reported in the present 
paper are tentatively interpreted as suggesting that the regulator(s) of 
thyroid—pituitary interrelationships are closely related to some intra- 
cellular parameter, alterations of which might be better reflected by 
changes in the concentration of iodine-containing compounds in the peri- 
pheral tissues, brain and pituitary included, than in the level of circulating 
total or ‘free’ thyroid hormone. | 

We are deeply indebted towards Professor A. Querido of the University of Leiden 
(Holland) for the encouragement and help given us, to Dr Rosalind Pitt-Rivers, F.R.S. 
(London), for criticism of the manuscript and to Professor L. van Middlesworth of the 
University of Memphis (U.S8.A.) for the very useful suggestions with respect to isotopic 
equilibration of intact rats with radio-iodide. 
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We have previously reported (Escobar del Rey & Morreale de Escobar, 
1958) that at short intervals after the administration of radiothyroxine 
and 2,4-dinitrophenol to thyroidectomized, L-thyroxine-maintained rats, 
normal levels of radioactivity were found in the peripheral tissues, co- 
existing with a sharply decreased plasma PB™I. (The following abbrevia- 
tions are used: 2,4-dinitrophenol, DNP; ™I-labelled L-thyroxine, ™I-T,, 
and u-triiodothyronine, ™J-T,; protein-bound iodine, PBI; thyroxine- 
binding globulin, TBG; thyroxine-binding albumin, TBA.) Moreover, an 
increased percentage of the blood radioactivity was in the red-blood-cell 
fraction in the DNP-treated rats. It has recently been shown (Morreale 
de Escobar & Escobar del Rey, 1960, 1961) that in intact DNP-treated rat 
the concentration of iodine-containing compounds in the tissues is main- 
tained within limits comparable to those of untreated controls, whereas the 
plasma concentration is continuously low: the resulting increased tissue- 
to-plasma ratio of iodine-containing compounds is highest at short inter- 
vals of time after the administration of DNP, decreasing as the” latter 
disappears from the circulation and increasing again after a new injection 

These findings suggested that the administration of DNP in vivo alters 
the distribution of thyroid hormones between plasma and tissues in favour 
of the latter. This paper reports results obtained when investigating 
whether such an effect is detectable by in vitro techniques and what 
mechanisms are likely to be involved. While this work was being carried 
out, reports appeared (Christensen, 1959, 1960a) describing a thyroxine- 
releasing effect of DNP on the thyroid-hormone-plasma-protein complex, 
with a dialysis technique. This paper shows that DNP does alter in vitro the 
distribution of radiothyroxine between plasma or plasma-free incubation 
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media and tissues, a direct effect of DNP on the cells being, however, 
postulated. 


(a) (db) 
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Fig. 1. Effect of DNP on the ™I-T, ‘uptake’ by rat R.B.c. and hemidiaphragms. 
(a) **I-T, was added in tracer amounts to whole blood of rats injected three times 
with 4mg DNP at 8 hr intervals, to blood of untreated rats and to control blood to 
which 0:04 mg DNP/ml. was added. Incubation lasted 3 hr at 37°C. (b) 1I1-T, | 
was added to a phosphate-saline buffer (Hogness et al. 1957) in tracer amounts; DNP 
in a 0-04 mg/ml. concentration. Incubation lasted 3 hr at 37° C. []]] DNP-treated 
rats; [_! control rats; Ej control rats+ DNP added in vitro. 


METHODS 

* Uptake’ of labelled thyroid hormones by red blood cells: Determination of the ‘uptake’ was 
carried out by following in general a procedure similar to that proposed by Hamolsky, Stein 
& Freedberg (1957). The labelled hormones were added in tracer amounts, unless stated 
otherwise, to heparinized human or rat whole blood, the mixture was incubated at 37° C in 
stoppered tubes (Hamolsky, Golodetz & Freedberg, 1959) for 30 min-—3 hr, the cells sepa- 
rated by centrifugation, washed thrice with ten volumes of isotonic saline and counted in a 
Nal (T1) well-type scintillation counter. Both t-Thyroxine labelled with ™I in the 3’ and 
5’ and triiodo-L-thyronine in the 3’ positions, were supplied by Abbott Laboratories of Oak 
Ridge (U.8.A.), purified, whenever necessary, immediately before use on an peierene 
resin and checked by chromatography. 


RESULTS 


Under such iieeientel conditions it was repeatedly observed that 
DNP, whether added in vitro or injected in vivo, increased the ‘uptake’ of 
labelled thyroxine both by human and rat R.8B.c., typical results being 
shown in Fig. 1. It also increases the ‘uptake’ of labelled triiodo-L- 
thyronine, though proportionally less than that of I-T,: using whole rat 
blood incubated for 30 min with tracer amounts of I-T, or I-T,, the 
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mean “uptakes” were 3-4% in the absence and 9-3% in the presence of 
0-1mg DNP/ml. (P < 0-001) when L-T, was used, 20-0 and 34: 5% 
respectively (P < 0-001) for L-T,. 

Such an effect of DNP could well be mediated by interference by the 
drug on the thyroid-hormone-plasma-protein complex, by a direct action 
on cells, or by both. In order to investigate this point an attempt was first 
made to study the effect of DNP on the “I-T, ‘uptake’ by washed R.8.c. 
incubated in protein-free media. The procedure, however, was found un- 
reliable. In fact, it seems that R.B.c. integrity is not maintained; despite 
use of quite different isotonic buffers and media there was always some 
degree of haemolysis at the end of incubation and the control ‘uptake’ 
figures were in the order of magnitude described for 8.B.c. stroma (Crispell 
& Coleman, 1956). Moreover, in the absence of binding sites in the media, 
adsorption of labelled thyroxine to glass-ware and specially to the large 
surface presented by the R.B.c. introduced more uncontrollable variables. 

Owing to these difficulties indirect evidence was sought. Since it was 
found that repeated washings and incubation in media containing low 
concentrations of plasma proteins eliminated such difficulties, the problem 


was investigated by using R.B.c., separated from plasma, washed once with 


ten volumes of saline and twice with ten volumes of saline containing 
1% rat plasma and then incubated with the labelled hormone and DNP for 
30-60 min in saline containing from 1 to 5% rat plasma. After incubation 
the R.B.C. were separated and washed as usual. Increased I-T, ‘uptakes’ 
by the DNP-treated'R.B.c. were always found. This, however, did not clarify 
the point, and an attempt was made to circumvent the necessary presence 
of protein in the system by (a) using very high thyroxine concentrations, 
which should be more than enough to saturate specific binding sites on the 
plasma proteins, and thus to minimize the effect of any further increase of 
the already high ‘free’ thyroxine fraction ; (b) maintaining the plasma protein 


concentration constant and altering the concentration of z.s.c. If DNP 


acted by increasing the ‘free’ thyroxine level in the incubation medium, 
the line resulting when the ‘uptake’ is plotted against the R.B.c. content 
should be parallel and with a higher intercept than that CaS 7 in the 
absence of the drug. 

Figure 2(b) shows results tiiaad when R.B.C. treated as indicated 
above were incubated 60 min in saline containing 2-5°% rat plasma and 
increasing thyroxine concentrations. DNP (0-10 mg/ml.) increased the 
131]-T, ‘uptake’ even at the highest hormone concentration employed. 
Curtin obtained with an incubation medium containing only 1-0% rat 
plasma were parallel. 

Three series were prepared with saline containing 1-25, 2-5 and 50% 


rat plasma as incubation medium and ™!I-T, in tracer amounts; the 
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‘uptake’ was determined for three different R.B.c. concentrations for each 
series, namely 12, 24 and 45% of the total volume. When the ‘uptake’ 
data were plotted against the corresponding R.B.c. content for each plasma- 


protein concentration, three parallel lines were obtained. The line with the | 


highest intercept corresponded to the series with the lowest plasma- 
protein content, and, presumably, the highest proportion of ‘free’ thyr- 
oxine. When 0:10 mg DNP/ml. was added, the line obtained had a higher 
intercept than that corresponding to the same plasma-protein concentra- 
tion, but the slope was steeper. 
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Fig. 2. Effect of DNP on the ‘uptake’ of ““I-T, by washed 8.8,c. incubated in saline 
containing rat plasma. (a) Influence of 0-10 mg DNP/ml. on the ‘uptake’ by R.8.0c. 
incubated for 20 min-3 hr in saline containing 5 % rat plasma and tracer doses of 
labelled thyroxine. (6) Influence of 0-10 mg DNP/ml. on the ‘uptake’ by R.B.c. 
incubated 60 min in saline containing 1 % rat plasma and increasing concentrations 
of t-thyroxine. © control; @ DNP added. 


The increased ‘uptakes’ obtained with DNP at the time intervals 
studied might have been due to the fact that the drug merely accelerated 
attainment of a maximum which would eventually be reached in the 
absence of the drug. Figure 2(a) shows results obtained with the above 
procedure, using saline containing 5% rat plasma as incubation medium, 
tracer amounts of “I-T, and increasing incubation periods. As may be 
seen, DNP actually maintains the ‘uptake’ at a higher level. It was con- 
cluded from this type of procedure that the data could not be explained by 


_ an action of DNP on the thyroid-hormone—plasma-protein complex only, - 


a direct action on the R.B.c. being more likely. 

Further experiments were carried out as follows. Whole rat blood was 
incubated for 30 min at 37° C with or without DNP (usually 0-1 mg/ml.), 
the R.B.c. were then separated by centrifugation, washed once with ten 


volumes of saline and twice with ten volumes of saline containing 1% rat 


plasma. They were incubated for another half-hour at the same tempera- 
ture in saline containing 2-5 °% rat plasma and ™J-T, in tracer amounts, 
after which the cells were separated and washed as usual. It was found 


that the ‘uptake’ of “‘I-T, by n.B.c. which had been pre-incubated with 
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DNP was always appreciably higher than that corresponding to untreated 
cells: i.e. 26% for controls versus 40% for DNP-pre-incubated R.B.c. 
(P < 0-001). Figure 3 shows that an increased ‘uptake’ was already ap- 
preciable at very low concentrations of DNP (0-0025 mg/ml.) during 
pre-incubation. These results also suggest a direct action of the drug on 
the R.B.C.: it seems rather unlikely that the traces of DNP, if any, which 
might be left in the incubation medium containing the labelled hormone 
after repeated washings might be responsible for the observed effect by 
acting on the small amounts of plasma proteins present. 
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Fig. 3. Influence of DNP, 0-0025; 0-005; 0-025; 0-050 and 0-200 mg/ml., on the I-T, 
‘uptake’ by R.B.c. pre-incubated 30 min with the drug and repeatedly washed before 
incubation for 30 min in contact with the labelled hormone in saline containing 
2:5 % rat plasma. Means +s.p. of three samples are given. @ no DNP; © DNP. 


‘Uptake’ of labelled u-thyroxine by rat hemidiaphragms 

In general the procedure described by Hogness, Lee, Berg & Williams (1957) was followed. 
Young adult male or female Wistar rats were exsanguinated under ether narcosis through 
the inferior vena cava after injection of heparin. The diaphragms were rapidly excised, 
cleaned of adhering tissue, divided into halves, rinsed in incubation medium, blotted on 
filter paper and weighed on a torsion balance to the nearest milligram. They were transferred 
quickly to the incubation vessels, one hemidiaphragm serving as control, the other for DNP 
treatment, right and left being alternated. The incubation medium was either saline, saline- 
phosphate buffer (Hogness e¢ al. 1957), Krebs-Ringer-phosphate or K-R-P + glucose 
(1 mg/ml.), pH 7-2-7-4, to which ™I-T, was added in tracer amounts unless stated otherwise. 
DNP was usually added at a concentration of 0-05—-0-1 mg/ml. Incubation was carried out 
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for 30 min-3 hr at 37° C in stoppered vessels, after which the tissue was rinsed thrice for 
30 sec in ten volumes of cold incubation medium, blotted on filter paper and counted. All 
data are given as percentage of added "I-T, remaining with the hemidiaphragm per 100 mg 
wet weight. For some experiments the animals were perfused at killing with 100-150 ml. 
isotonic saline. 

Figure 1 shows typical results. DNP increases the ‘uptake’ of ™I-T, 
by rat hemidiaphragms in the absence of added plasma proteins. Similar 
results were obtained when using hemidiaphragms from saline-perfused 
rats: 11-4% for controls versus 17-0% for DNP-treated tissues (P < 
0-001). It was observed that the response of the ‘uptake’ to DNP was of 
the same intensity irrespective of the incubation medium used. The response 


to DNP was, however, abolished by boiling the hemidiaphragms. Figure 4 


shows the results obtained with hemidiaphragms from perfused rats, 
incubated for 3hr in K-R-P+glucose containing tracer amounts of 
131]-T,, increasing concentrations of stable hormone and 0-05 mg DNP/ml. 
As may be seen, DNP increases the ‘uptake’ of “I-T, by the diaphragms 
at all hormone concentrations studied, even for 1000 yg/100 ml. buffer. 
Such a concentration should be sufficient to saturate specific binding sites 
on plasma proteins if the incubation medium were totally substituted by 
plasma. Since the experimental conditions used make the presence of 
plasma proteins in the incubation medium rather unlikely, these results 
again support the idea that DNP exerts a direct action on the tissue. 
The technique was later modified by pre-incubating the hemidia- 


phragms with DNP for 2-5 hr, followed by four washings with a tenfold — 


volume of incubation medium and a second incubation for 2 hr in the 
presence of tracer amounts of “I-T,. The ‘uptakes’ of labelled hormone by 
the hemidiaphragms which had been pre-incubated with DNP were higher 
than those corresponding to the controls, whether the incubation medium 
used was saline+1°% plasma (15-9°% for controls and 21-5°% for DNP- 


pre-incubated, P < 0-01) or K-R-P+glucose (18-3 and 23-7% respec- 


tively, P = 0-02). An increased I-T, ‘uptake’ by DNP-pre-incubated 
hemidiaphragms was also obtained with a protein-free K-R-P + glucose 
buffer and tissue from thoroughly perfused rats. These results are difficult 
to interpret on the basis of an action of DNP on the binding of thyroxine 
to plasma proteins. 

The response to DNP observed in these pre-incubation experiments was 
less intense than that obtained with diaphragms directly incubated with 
DNP and ™J-T, in the first incubation medium; this was to be expected, 


considering the eS ee period and more frequent handling of 
the tissue. 
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Fig. 4. The effect of DNP 0-05 mg/ml. on the ™I-T, ‘uptake’ by hemidiaphragms 
from thoroughly perfused rats, incubated for 3 hr in Krebs—-Ringer-phosphate + 
glucose (1 mg/ml.) buffer, pH 7-2-7-4, containing increasing concentrations of 
L-thyroxine. The mean +s.D. is given. @ no DNP; DNP. 


Electrophoretic studies 


For this purpose human serum was mostly used, though some deter- 
minations ‘were also carried out with rat sera. Untreated sera, and sera to 
which DNP was added in concentrations (0:05-0:10 mg/ml.) which induce | 
an increase in the “I-T, ‘uptake’ by R.B.c. to double or more of the control 
value, were separated by electrophoresis on Whatman No. 1 or No. 3 
paper in a closed system apparatus. Either sodium 5,5-diethylbarbitu- 
rate-5,5-diethylbarbituric acid buffer, ionic strength 0-05, pH 8-6, or 
sodium 5,5-diethylbarbiturate-sodium acetate-sodium chloride buffer, 


 molal ratio 2:1:1, adjusted to pH 8-6 with 1 N-HCl, ionic strength 0-1, was 


used. The latter buffer (Levey & Roberts, 1958) gave a very good separa- 
tion of the «,-globulin from albumin and was always used for rat serum. 
131J-T, was added in tracer amounts or with increasing concentrations of 
hormone in order to determine by a relative distribution method (Dowling, 
Freinkel & Ingbar, 1956) whether the presence of DNP altered the binding 
capacity of the plasma proteins. In one case DNP was added to the 
electrophoretic buffer and the distribution of the radioactivity between 
TBG and TBA was compared with that of the same plasma run simul- 
taneously in buffer not containing the drug. Ingbar (1960) has recently 
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shown an ‘unbinding’ effect of salicylate by this procedure, which had not 
been detected by the standard techniques. 

The yellow spot corresponding to DNP was found to migrate much 
ahead of the albumins both with human and rat sera. We were unable to 
show with either type of sera and the procedures described above any 
difference in the distribution of “I-T, among plasma proteins or in their 
binding capacity when DNP was present. To ascertain that the procedures 
employed were adequate to disclose abnormalities in binding of ™I-T, to 
plasma proteins, butyl-4-hydroxy-3,5-diiodobenzoate (BH DB) was added 
to rat serum and the same alterations as those described by Van Arsdel & 
Williams (1956) were observed. BHDB at concentrations similar to those 
of DNP also increases the ‘uptake’ of “I-T, and ™I-T, by rat R.B.c. 
(Escobar del Rey & Morreale de Escobar, unpublished). 


DISCUSSION 

From the results described here it is concluded: | 
(1). That DNP alters the distribution of thyroxine between plasma or 
protein-free media and cells in favour of the latter, as shown by in vitro 
techniques. 

(2) It is suggested that this effect of DNP is responsible for the distribution 
of iodine-containing compounds found in vivo in rats (Morreale de Escobar ~ 
& Escobar del Rey, 1961). 

(3) It seems unlikely that such an effect is mainly and/or solely mediated 
by an alteration of the binding of the hormones to plasma proteins and it 
is postulated that some as yet undetermined cellular mechanism is directly 
involved. | 

The latter point is strongly supported by the data presented here. On 
the one hand, an effect of DNP on the thyroid-hormone-plasma-protein 
complex has not been demonstrable by means of electrophoretic techniques 
which were sufficiently sensitive to disclose another known alteration 
(Van Arsdel & Williams, 1956). On the other, an intense effect of the drug 
on the ‘uptake’ of thyroid hormones by rat R.B.c. and diaphragms has 
repeatedly been shown under experimental conditions which exclude a 
mechanism operating only by an action on plasma proteins. 

However, Christensen (1959, 1960a), using a dialysis procedure, has 
found that the rate of transfer of 11I-T, across the membrane is increased 
when DNP is added to the plasma, and interpreted this finding as an 
indication of a thyroxine-releasing effect of the drug on the thyroxine- 
plasma-protein complex. Closer inspection of his data indicates that the 
increase in rate of transfer of radioactivity across the membrane is rather 
weak as compared with the intense effect of equal doses of DNP on J-T, 
and ™!]-T., ‘uptake’ by R.B.c. reported here. Christensen (19600) has in © 
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fact reported a good correlation between the intensity of the changes in 
‘free’ thyroxine and in “'I-T, 8.B.c. ‘uptake’, using serum from patients 
with various thyroidal conditions and pregnant women. With salicylate 
(Christensen, 1960c) the dose resulting in a 100° increase above normal 
of the ™I-T, ‘uptake’ by R.B.c. augments the rate of transfer of labelled 
I-T, across the dialysis membrane 200 % above normal. On the contrary, 
in the case of DNP, doses (0-005 mg/ml.) which have been found by us to | 
increase the R.B.c. ‘uptake’ of “I-T, and ™J-T, about 100% or more 
affect the rate of transfer only by 9%; a 38 % increase in the rate of trans- 
fer of radiothyroxine was elicited by 0-05 mg DNP/ml., a dose which 
results in a 300% increase in the ™I-T, ‘uptake’ by r.B.c. It has been 
reported in a recent publication (Christensen, 1961) that the addition to 
the dialysis system of tris-hydroxymethylaminomethane (Tris), barbital 
and urea, the latter in doses too low for denaturation of proteins, resulted 
in increased rates of transfer of "I-T, across the membrane, up to 322% 
above normal with urea. As Christensen (1961) points out, it is difficult to 
interpret some of the results obtained with this latter compound as the 
result of a ‘thyroxine-releasing’ effect, and other possible causes cannot be 
excluded, i.e. that the membrane is affected. Rates of transfer of ™I-T, 
across the dialysis membrane in the procedure used by Christensen are 


‘strictly comparable only when all experimental conditions are held con- 


stant, the serum being the only variable. 

Therefore, there is direct evidence.-that DNP exerts an intense influence 
on the ‘shift’ of thyroid hormones towards tissues even in the absence of 
plasma proteins; an ‘unbinding’ effect on the thyroid-hormone—plasma- 
protein complex, on the contrary, appears as rather weak, if any, by 
equilibrium dialysis (Christensen, 1959) and is not demonstrable by electro- 
phoretic procedures. We believe the facts discussed above lend experi- 
mental support to the last of our conclusions. No comments may be 
reliably formulated from the present data about the nature of the mecha- 
nisms involved at a cellular level which result in an increased ‘uptake’ of 
thyroxine. | 

At. present one cannot be sure that a mechanism detected in vitro is the 
one operating in vivo. However, in the present instance the same effect was 
observed with similar intensity whether DNP and the labelled hormone 
were both administered in vivo (Escobar del Rey & Morreale de Escobar, 
1958), the drug in vivo and the hormone in vitro, or both in vitro. More- 
over, the tissue-to-plasma ratio of iodine-containing compounds increases 
for DNP-treated rats (Morreale de Escobar & Escobar del Rey, 1961) with 
an intensity of the same order of magnitude as the in vitro effect of DNP. 
It was thus concluded (Morreale de Escobar & Escobar del Rey, 1961) that 
it is very likely that the distribution pattern of thyroid hormone found for 
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intact animals is brought about by a ‘shift’ of the hormone towards the 
tissues caused by a direct effect of DNP on cells. 

The bearing of such conclusions on the mechanism leading to intra- 
cellular concentration and metabolism of iodine-containing compounds, 
and the possible role of such parameters in a thyroid-pituitary feed-back 
system are discussed elsewhere (Morreale de Escobar & Escobar del Rey, 
1961). 

SUMMARY 


1. Both injection of DNP and addition of the iieioa to whole blood in vitro 
increase the ‘uptake’ of ™I-T, and I-T, by rat and human Rk.B.c. The 
‘uptake’ of 4I-T, by washed R.B.c. incubated with the labelled hormone 
in saline containing 1-2-5 % rat plasma and increasing concentrations of 
stable thyroxine (up to 1000 yg/100 ml.) is also higher when DNP is 
present in the medium. When B.8.c. are pre-treated with DNP and washed 
repeatedly before incubation with ™I-T,, the resulting ‘uptake’ is higher 
than the uptake by controls even with very low initial concentrations of 
DNP, 0-0025 mg/ml. 

2. Addition of DNP to protein-free incubation media results in an 
increased ‘uptake’ of “I-T,, by rat hemidiaphragms, even when the tissues 
were obtained from perfused rats and incubated with high concentrations 
of L-thyroxine (up to 1000 yg/100 ml. buffer). Pre-incubation of the hemi- 
diaphragms with DNP, followed by repeated washings of the tissue before 
incubation with “I-T, also increases the ‘uptake’. 

3. The use of several electrophoretic procedures, both with human and 
rat sera, did not disclose any effect of DNP on the distribution of !‘I-T, 
among plasma proteins or in their binding capacity. 

4. It is concluded that DNP alters the distribution of thyroid hormones 
between plasma or incubation media and tissues in favour of the latter. 
It is postulated that a direct effect of DNP on the cells is involved and not 
mainly and/or solely an alteration of the thyroid-hormone—plasma- 
protein complex. It is considered likely that this ‘shift’ of the thyroid 
hormone towards tissues is responsible for the distribution _— of 
jodine-containing compounds found in vivo. 


BHDH was generously supplied by Professor N. F. Maclagan and Dr J H. Wilkinson, 
of the Westminster Hospital, London, 8.E. 1. 
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THE EFFECT OF PROGESTERONE AND OXYTOCIN 
ON THE MOUSE MYOMETRIUM 
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Studies of the excitability of the uterus are complicated by the regula- 
tory effects of the ovarian hormones which determine its functional state. 
For example, the motility of the pregnant rabbit uterus can be completely 
inhibited by endocrine control, a phenomenon called ‘inactivation’ by 
Reynolds (1949) and ‘progesterone block’ by Csapo (1956a, b). 

The effects of progesterone on the contractile mechanism of the rabbit’s 
myometrium have been analysed quantitatively in vitro by Csapo & Corner 
(1952, 1953), and in vivo by Schofield (1954, 1955, 1957, 1960) using 
isometric techniques. Treatment with progesterone in vivo, with or without 
subsequent administration of oestrogen, induces hyperpolarization of the 
muscle fibre membrane in the pregnant and non-pregnant rabbit (Goto & 
Csapo, 1957, 1959) and in the castrated rat (Marshall, 1959). Treatment 
with progesterone in vitro also blocks the discharge of action potentials 
and increases the membrane potential in the pregnant and postpartum © 
rat myometrium (Kuriyama & Csapo, 19616; Marshall & Csapo, 1961). 

The membrane potential in the pregnant myometrium is higher at 
placental than at non-placental ‘sites; this has been shown in the rabbit 
(Goto & Csapo, 1959), the rat (Thiersch, Landa & West, 1959; Kuriyama & 
Csapo, 19596) and in the mouse (Goto, Kuriyama & Abe, 1959, 1960). 
A block of propagation at placental regions, while the non-placental portion 
was still propagating, was observed in the pregnant rabbit sae 
(Kuriyama & Csapo, 1961a). 

During the first part of gestation’the rabbit myometrium shows, as a 
rule, an absence of spontaneous discharge and of response to oxytocin. In 
the later stages of pregnancy (30th—3lst days), action potentials are dis- 
charged infrequently and the sensitivity to oxytocin increases. The mouse 
and rat myometrium generate spontaneous discharges and respond to 
oxytocin some days earlier than does the rabbit uterus. 

The membrane characteristics of the pregnant mouse myometrium driven 
electrically have been observed by Goto, Kuriyama & Abe (1959, 1961). 


* Present address: Department of Pharmacology, University of Oxford. 
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Further investigations on the mouse myometrium have now been made, 
including the effects of progesterone and of oxytocin. The mechanism of 
action of progesterone in the maintenance of pregnancy is also discussed. 


METHODS 


Myometrium from mice in the 13th—15th and 18th-20th days of pregnancy, and 3-6 hr 
post-partum was used; the gestation period in mice is 20-21 days. The uterus was excised 
under ether anaesthesia and placed in oxygenated mammalian Krebs’s solution at room 
temperature. The composition of the Krebs’s solution was (mm): NaCl 118-5, NaHCO, 24-9, 
KCl 4:7, CaCl, 2-5, KH,PO, 1:2, MgSO, 1-2; +glucose 1 g/l. It was oxygenated with 95 % O, 
and 5% CQ,. 

The uterus was dissected into strips 3mm wide and 30 mm long (in vivo lengths) for 


_ measurements of membrane activity, and 5mm wide and 30 mm long for measurement of 


isometric contractions, which were recorded by the method used by Coutinho & Csapo (1959) 
on rabbit myometrium. 

Membrane electrical activity was recorded by the method of Kuriyama & Csapo (19616). 
The micro-electrodés were glass capillaries with a resistance of 20-30 MQ, mounted flexibly . 
by Woodbury & Brady’s (1956) method. The insertion of the electrode into a single cell was 
controlled by a micro-manipulator. The tension was recorded by a strain gauge, simul- 
taneously with the action potential. The membrane and action potentials and the deflexion 
of the gauge were amplified and recorded by a cathode-ray oscilloscope (Tektronix model 
502). 

Solutions of progesterone up to 10yg/ml. were made in Krebs’s tition; for higher 
concentrations the drug was dissolved in propylene glycol and diluted with Krebs’s solution. 


Oxytocin was dissolved in Krebs’s solution. 


The experiment was started a few minutes after removal of the uterus; the rest of the 
uterus was kept in cold oxygenated Krebs’s solution for later experiments. 


RESULTS 
Effect of progesterone on tension 


A strip from the post-partum uterus of the mouse (3-6 hr after delivery) 
develops rhythmic changes in tension (range 9-15 g, mean 12g); these 
contractions continue for long periods without electrical or chemical 
stimulation. In the myometrium of the pregnant mouse there is more 
variation in the magnitude of tension developed (range 5-18 g, mean 11 g), 
and the duration of the contraction-relaxation cycles (mean 23 sec) is 
shorter than in the post-partum myometrium (mean 31 sec). 

In the post-partum mouse myometrium, as in that of the rabbit, rat and 
man (Csapo 1956, 1961), in vitro treatment with progesterone 5, 10 or 
20 ug/ml. abolished contractions. The decrease in tension and the duration 
of the effect were proportional to the concentration of progesterone. The 
frequency of contractions was initially and transiently increased. After 
washing out the progesterone with Krebs’s solution, recovery of tension 
was quick and complete. The effects are illustrated in Fig. 1. 

In the late-pregnant mouse myometrium (17th-20th days), treatment — 
with progesterone also increased the frequency of contractions initially, 
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but reduced the magnitude of tension developed and finally led to irregular 
contractions. The time taken for the abolition of contractions was longer 

in the pregnant. (mean 28 min in 20ug/ml.) than in the post-partum state 
(mean 8 min in 20yg/ml.). The time of recovery after washing out the 


* 


Krebs’s solution 


15 30 min 

Fig. 1. Longitudinal le of mouse myometrium 6 hrpost-partum. Upper, middle 
and lower traces show effect on motility of progesterone 5, 10 and 20yg/ml., 
respectively, applied at arrows. ‘Rinses’ indicates washing three times with 
Krebs’s solution. Tension scale in grams in this and all subsequent tracings. 


progesterone was also longer (mean 55 min in the pregnant, and 25 min 
in the post-partum, myometrium). | 

Calcium-deficient Krebs’s solution (less than 0:25 mmo or calcium-free 
Krebs’s solution) had an action very similar to that of progesterone on the 
isometric tension of the mouse myometrium. Its effect developed also 
more rapidly in post-partum than in pregnant myometrium, as observed 
by Coutinho & Csapo (1959) for the rabbit uterus. 
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Effect of oxytocin on tension 

The sensitivity to oxytocin of the tension developments of the myo- 
metrium is entirely dependent upon the hormonal domination. A pro- 
gesterone-dominated uterus (13th-15th days of pregnancy) shows contrac- 
tions of irregular frequency and magnitude. The mean value of the 
frequency was 0-4 c/min, whilst the mean contraction tension was 5-5 g; 
the resting tension (tonic contraction) remained zero. Oxytocin 5 u./ml. 
produced no effect and 50yu./ml. slightly increased the active tension to 
7g; oxytocin 500yu./ml. increased the frequency of active tension to 
0-9 c/min and its magnitude to 9-5 g, and the resting tension to 1-1 g. At 
the 18th day of pregnancy (termination of progesterone domination) the 
frequency of spontaneous active tension development became 0-8 ¢/min 
and the magnitude of active tension 9-5 g; oxytocin 5 uu./ml. only increased 
the magnitude to 12g. Oxytocin 50yu./ml. increased the frequency to 
1-1 ¢/min, the magnitude to 11 g and the resting tension to 0-5g. Oxytocin 


600 yu./ml. increased the frequency of the active tension to 1-9 ¢/min, 


the magnitude to 10-5g and the resting tension to 1-:3g. Six hours 
post-partum (under oestrogen domination) the frequency of the 
spontaneous active tension development was 1-2 c/min and the magnitude 
10g. Oxytocin 5yu./ml. increased the frequency to 1-6 c/min, the magni- 
tude to 13 g; 50u./ml. increased the frequency to 2-5 c/min, the magni- 
tude to 11 g and the resting tension to 2 g. With oxytocin 500 u./ml. the 
frequency increased to 2-7 c/min, the magnitude decreased to 8 g and the 
resting tension increased to 6 g. The maximum sensitivity to oxytocin of 
the mouse myometrium appears either during delivery or shortly after- 
wards, having increased progressively during gestation. In the pregnant 
myometrium the irregularity of contractions continued in the presence of 
oxytocin and the increase in the resting tension was less than in the post- 
partum myometrium. Sometimes the post-partum myometrium showed 
irregular periods of contractions, separated by long silent periods. These 
irregular periodic contractions were not greatly affected by oxytocin, 
though there was some increase in the magnitude and in the number of 
contractions which occurred in each train. | 

When progesterone was given in the above condition of the myometrium, 
a regular pattern appeared before the contractions were abolished. After 
rinsing with Krebs’s solution to remove progesterone as well as oxytocin 
the activity always returned to a regular, but never again to the irregular, 
period pattern. 

Comparisons were made of the effect of progesterone alone with that of 
simultaneous treatment with progesterone and oxytocin on post-partum 
mouse myometrium. Progesterone 10 g/ml. in the presence of oxytocin 
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50u./ml. blocked the activity. This effect was, however, preceded by a 
period during which the frequency of contractions was increased more than 
by either substance acting alone, and the resting tension was also increased 
more than with oxytocin alone, even though progesterone by itself 
lowered the resting tension. Higher concentrations of progesterone and 
oxytocin given together rapidly blocked activity and increased the resting 
tension. 
Spontaneous membrane activity in the myometrium 
The membrane and action potentials in the myometrium vary con- 
siderably under different endocrine conditions. Table 1 shows the magni- 
tude of membrane and action potentials, the number of spikes in a train 
of discharges, and the intervals between spikes and trains of discharges. 
_ The size and shape of the action potentials in pregnant mouse myometrium 
driven electrically have been described by Goto et al. (1959). In general 
the variations in membrane potential values are smaller in the post- 
partum than in the pregnant myometrium. 


TaBLE 1. Membrane (MP) and action (AP) potentials at 35° C in the pregnant and 


post-partum mouse myometrium 
Condition MP (mV) AP (mV) 50 % duration (msec) 
of myo- No. of A A 


metrium specimens Mean Range s.p. Mean Range s.p. Mean Range s.p. 


18-20th day 18 53 42-69 58 i08 42 29-55 59 i08 31 18-45 48 +06 
pregnancy 
es geeamane Il 46 38-62 46 i07 41 31-58 44 i07 38 21-58 52 +408 


Interva! between first 
spike and second in Interval between two 
a train No. of spikes in one train discharges 
(msec) train discharge (min) 
Mean Range "Mean Range "Mean Range 
18-20th day pregnancy 500 250-800 28 9-48 29 6-47 


Post-partum 6 hr 750 400-1200 21 11-35 37 8-62 


Figure 2 shows recordings of spontaneous activity in a post-partum 
mouse myometrium. In contrast to rat myometrium (Kuriyama & Csapo, 
19616), the membrane of the mouse myometrium remains continuously 
depolarized during a train of discharge, the first spikes of a train being 
generated from the steady level of membrane potential, but successive 
spikes arising before complete repolarization has occurred. The relative 
refractory periods of the myometrium were measured by Goto et al. (1959) 
and found to be shorter in mice than in guinea-pigs, rats and cats (Bozler, 
1938, 1940). Also the frequency of spike discharge is higher in the mouse 
than in the rat (Kuriyama & Csapo, 19616), The continuous depolarization 
of the membrane may therefore be due to the shorter refractory period of 
the mouse myometrium. 
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2-0 sec 


Fig. 2. Post-partum myometrium of mouse (6hr). Simultaneous recording of 
action potentials from a single fibre and of the myometrial tension. Upper, 
middle and lower traces are recorded from the same cell. Each contraction differs 
in shape. | 


Stretch (%) 


Fig. 3. Effect of stretch on membrane activity and tension (continuous line) 


in post-partum mouse myometrium (6 hr); 50, 75, 100, 125 and 150% stretch 
(see text). 
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Effect of stretch 

Figure 3 shows the effect of stretching the myometrium. The length of 
a strip of post-partum mouse myometrium was fixed at 50, 75, 100, 125, 
and 150 % stretch, 100 % stretch (the resting length) being defined as the 
length at which slight change in resting tension occurs but changes in 
active tension are maximum (Csapo & Goodall, 1954; cf. Hill, 1939). At 
each degree of stretch changes in membrane activity and tension were 
recorded simultaneously. At 50° stretch there were a few spikes in each 
train discharge, and their frequency was low. Increasing the stretch 
caused an increase in membrane activity, with depolarization and an 
increase in the number of spikes in a train; at 150°% stretch there was 
significant depolarization of the membrane, continuous spike discharge, 
and the development of tension was no longer synchronized with spike 
generation in the single cell from which records were taken. The increase 
in the resting tension after stretching became less after 3-15 min, but it 
remained higher than at 100% length. The magnitude of the increase in 
resting tension and the time taken for it to fall from its peak value to a 
constant raised value were proportional to the degree of stretch. In the 
overstretched myometrium (150%) the increase in resting tension was 
greater than the active tension, i.e. the resting tension was significantly 
increased, but active tension decreased. Values of membrane potential, 
action potential, resting tension and active tension at various degrees of 
stretch are illustrated in Fig. 4. The effect of stretch in mouse myometrium 
was almost the same as in the rat, as found by Kuriyama & Csapo 
(unpublished). 


Effect of progesterone and oxytocin on membrane activity 
Progesterone 10ug/ml. in Krebs’s solution decreased the number of 
spikes discharged and the magnitude of the spikes. After 10-20 min of 
progesterone treatment the propagation of the spikes was blocked, and 
only electrotonic or local potentials remained. As the number of spikes in 
a train decreased, the development of tension also decreased. This blocking 
of spike propagation developed more slowly in pregnant than in post- 


partum myometria. Figure 5 illustrates the effect of progesterone in 


pregnant mouse myometrium, similar to that observed in rat and rabbit 
myometrium (Kuriyama & Csapo, 19596, 1961b). The changes in mem- 
brane potential caused by progesterone appeared very slowly, and always 
occurred after the abolition of excitability of the membrane. A hyper- 
polarization of 10 mV was seen 30-40 min after the application of pro- 
gesterone in post-partum myometrium, and 3-5 mV hyperpolarization 
after 50-60 min in pregnant myometrium. Thus progesterone first increased 
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the threshold of excitability and blocked spike propagation; it then 
abolished spontaneous activity, and finally the membrane became hyper- 
polarized. 

The effects of oxytocin on the membrane in the pregnant and post- 
partum mouse myometrium were found to be the same as those in rat 
myometrium (Kuriyama & Csapo, 19596, 19616; Goto, 1960). Oxytocin 
in low concentration (50yu./ml.) increased the frequency of spike dis- 
charges in the middle stage of gestation, but did not regularize the size of 
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Fig. 4. Effect of stretch on membrane activity and tension development in ‘pos: 
partum mouse myometrium. Membrane activity recorded from single cell and 
tension changes from the whole tissue. MP, membrane potential (mV), O——-O; 
AP, action potential] (mV), O--——O; No., number of discharges in a train, @——®; 
Du, duration between first and second spike discharge in a train (msec), A———A; 
AT, active tension (g.), @---@; RT, resting tension (g), O——O. 


action potentials. In the last stage of gestation the membrane potential 
was lowered by treatment with oxytocin 50 u./ml. and the frequency and — 
the number of spike discharges were increased ; also the size of the spikes 
was somewhat regularized. Synchronization of contraction with spike 
generation during these stages of gestation was accelerated by treatment 
with oxytocin. Oxytocin in higher concentrations (500 uu./ml.) decreased 
the membrane potential and increased the frequency and the number of 
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spike discharges, but often blocked spike generation in a highly depolarized 
membrane and left the local potentials in the last stage of train discharges. 
Higher concentrations of oxytocin induced periodic oscillatory action 
potentials. Six hours post-partum, frequency was increased by treatment 
with oxytocin 1 wu./ml. and the effects of 5 u./ml. were nearly comparable 


1-5 sec 


Fig. 5. Pregnant mouse myometrium (20th day). Effect of progesterone on 

membrane activity, and on tension (continuous lines). Upper trace: control spon- 
taneous spike discharges and contraction. Middle trace: 10 min after progesterone 

10 yg/ml. Lower trace: after 20 min. The membrane potential is raised by treatment 

with progesterone, which bloeks the propagation of the spike discharges but leaves 

the local potential. 


to those produced by 500u./ml. in the middle stage of gestation and by 
- 100pu./ml. in the last stage of gestation; oxytocin 100yu./ml. induced 


long-continued spike generation in the depolarized membrane, leading to 


the oscillatory action potentials. The size of the action potentials decreased 
and their duration was prolonged. The frequency of spike discharges 
decreased compared with that seen after treatment with oxytocin 50 yu./ml. 
Figure 6 shows the effect of oxytocin (50 ,u./ml.) on a mouse myometrium 
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_ in the latest stage of gestation. The membrane is depolarized (6 mV) and 


the frequency, eamaber of spike discharges and magnitude of contraction 
is increased. 


Fig. 6. Pregnant mouse myometrium (20th day). Effect of oxytocin on membrane 
activity and on tension (continuous line). Upper trace: control spontaneous 
discharges and tension iia Lower trace: after 3 min treatment with 
oxytocin. 


DISCUSSION 


In the mouse spontaneous uterine motility is ssiiiad earlier in 
gestation than in the rabbit. The activity seen in the myometrium of the 
mouse during the middle stages of gestation resembles that which appears 
in the rabbit uterus in the last stages of gestation. The rhythm, magnitude 
and frequency of the contractions and the spike discharges are less regular 
during pregnancy than post-partum, and contractions during the whole 
of gestation are less well synchronized with the electrical spikes than post- 
partum. In the rabbit, the sensitivity to oxytocin is 1000 times greater 
post-partum than during pregnancy (Kuriyama & Csapo, 19596) but in 
mice the sensitivity of the myometrium to oxytocin does not alter. 

Values of the membrane potential in the mouse myometrium varied 
considerably ; this may be due to the small diameter of the fibres and their 
great variation in size. The mouse myometrium had a higher membrane 
potential in pregnancy than post-partum. This was also observed in the 
rabbit by Goto & Csapo (1957) and in the rat by Kuriyama & Csapo (1961). 
Furthermore, the membrane potential was higher in the placental region 
than at non-placental sites in the rabbit (Goto & Csapo, 1959), in the rat 
(Thiersch e¢ al. 1959; Kuriyama & Csapo, 19616) and in the mouse (Goto 
et al. 1959). In general, the measured membrane potential in the myo- 
metrium was always lower than the theoretical potential calculated from 
the ratio of K concentrations inside and outside the cell (83 mV by Horvath, 
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1954; 81 mV by Daniel, 1958). Also, from measurements of internal and 
external Na concentrations a theoretical overshoot of 13 mV would be 
predicted (Daniel, 1958, cf. Woodbury & McIntyre, 1954), but the recorded 
action potentials rarely showed an overshoot. This discrepancy between 
theoretical and observed values may be due to the effect of hormones on 
the membrane structure, changing its permeability to Nat and Cl- 
(Kuriyama, 1961). 

The differences found between pregnant and ‘cence mouse myo- 
metria in frequency. and magnitude of train discharges and in the number of 
spikes in a train are similar to those in the rabbit and rat (Kuriyama & 
Csapo, 1959, 19615). 

Treatment of late-pregnant and post-partum mouse , myometria with 
progesterone in vitro decreased the number and size of action potentials 
and tension developed. The most striking effect was the block of propaga- 
tion of the spikes, resulting finally in a train discharge of electrotonic (or 
local) potentials only, from which no spikes arose. This may be due to a 
decreased excitability of the membrane. As the number of spikes decreased, 
myometrial tension declined. Since the electrical recordings were made 
from single cells impaled with a micropipette, whereas the tension was 
recorded from the whole tissue, no definite conclusion can be drawn, but it 
is likely that the weakening of contractions is due to a decrease in the 
number of cells involved. 

The pregnant and post-partum myometria did not differ qualitatively 
in their responses to progesterone. During pregnancy progesterone took 
longer to inhibit contraction and to cause hyperpolarization, and the degree 
of hyperpolarization produced was less. 


Calcium-deficient solutions also blocked contraction in the mouse myometrium, as did 
progesterone, and the blocking action developed more slowly in the late-pregnant mouse 
uterus than post-partum. Coutinho & Csapo (1959) suggested that in pregnancy calcium 
ions might be more strongly bound to the tissue than in the post-partum myometrium and 
that therefore calcium-deficient solutions cause depolarization of the membrane more quickly 
in post-partum than in pregnant myometria. . 

It may be that calcium ions react with progesterone in the membrane of the myometrium. 
The above experimental results indicate that this interaction of progesterone with calcium 
ions in the membrane may contribute to the inactivation of the sodium carrier (Franken- 
hauser & Hodgkin, 1957), thus decreasing membrane excitability (and increasing membrane 
stability). This may be one of the main causes of the block of propagation. There are, how- 
ever, no direct observations that progesterone reacts in the membrane with calcium as a 
chelating compound. On the other hand, progesterone is a redox reagent and an accelerator 
of tissue metabolism, and therefore it might act by increasing phosphorylation, thereby 
supplying energy for changes of ionic conductance including the ‘stabilization’ mechanism 
in the membrane. This might lead to hyperpolarization and to an increase of the threshold 
of excitation of the membrane. Such a mechanism has been suggested for the inhibitory 

action of adrenaline in the taenia coli (Axelsson, Bueding & Biilbring, 1959; Axelsson & | 
Biilbring, 1960). While oxytocin increased the magnitude and frequency of contraction but 
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had no effect on the irregular periodic contractions which often appear in the post-partum 
myometrium, these irregularities were abolished by progesterone, and after progesterone 
was washed out the muscle showed regular contractions for long periods. 


In conclusion, the experiments in this paper suggest that progesterone 
increases the stability of the myometrial membrane, raises the threshold 
of excitation and blocks the propagation of activity. 


SUMMARY 


1, The myometrium from mice in the middle and late stages of preg- 
nancy and post-partum were used to record tension and membrane 
activity. 

2. Progesterone abolished the contractions. The time taken for the 
abolition and for the return to the former magnitude after washing was 
longer in late-pregnant than in post-partum myometria. : 

3. Calcium-deficient solutions had an action on isometric contraction 


_ very similar to that of progesterone in both conditions. 


4. When the myometrium was treated with progesterone and oxytocin 
together, the two substances had at first an additive effect in increasing 
the frequency of contractions and the resting tension, but then progesterone 
dominated and contractions were abolished. | 

5. The mean value of the membrane potential was higher in late- 
pregnant than in post-partum myometria. In the mouse, unlike other 
species, the membrane remained continuously depolarized during a train 
of discharges. The variation in the values of membrane potential, spike size, 
number of spikes in a train discharge, and duration of the train discharges 
was less in post-partum than in pregnant myometria. 

6. The myometrial action potentials of mice in the middle and the late 
stages of pregnancy were irregular, and the contractions of the muscle 
were not well synchronized with the action potentials recorded from single 
cells. 

7. When the mouse myometrium was stretched to 50, 75, 100, 125 and 
150 % of its resting length, an increase in membrane activity was observed 
with depolarization and an increased number of spikes in a train. 

8. Oxytocin caused depolarization, and increased the number of train 
discharges as well as the number and frequency of spikes in a train. 

9. Progesterone decreased the number of spikes in a train and blocked 
propagation. After the cessation of spontaneous activity the membrane 
became hyperpolarized. 


The author is grateful to Dr A. Csapo for his advice and to Dr E. Biilbring for helpful 3 
discussions of this work. The work was done in the Rockefeller Institute, New York, with 
- & grant from the Muscular Dystrophy Association of America. 
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It is commonly believed that acetylcholine (ACh) is the physiological 
transmitter of sympathetic nerve impulses at the adrenal medulla. The 
reasons are the following: the sympathetic nerve fibres that innervate the 
adrenal medullary cells are developmental homologues of the preganglionic 
fibres elsewhere in the sympathetic nervous system which are known to be 
cholinergic; on stimulation of the adrenal nerves an acetylcholine-like 
substance is released from the adrenal gland (Feldberg, Minz & Tsudzimura, 
1934); ACh is a powerful stimulant of adrenal medullary secretion; and 
finally, transmission at the adrenal medulla is affected by a variety of drugs 
in much the same way as these drugs affect transmission at the established 
sites of cholinergic transmission at sympathetic ganglionic synapses. 

The purpose of the present experiments was to study the mechanism 
by which ACh brings about adrenal medullary secretion and, as a first 
approach, to observe how the response of the gland to ACh might be 
influenced by changes in the ionic composition of the extracellular environ- 
ment. Our experiments show that the excitant action of ACh on the 
adrenal medulla is dependent on the presence of calcium, and suggest that 
ACh evokes adrenal medullary secretion by causing calcium ions to ~ 
penetrate the adrenal medullary cells. 

Short accounts of these experiments were presented at the Oxford 
meeting of the Physiological Society and at the First International Pharma- — 
cological Meeting earlier this year (Douglas & Robin, 1961a, 6). 


METHODS 


All experiments were done on cats anaesthetized with chloralose (90 mg/kg 1.v.) following 
ethyl chloride and ether. A tracheal cannula was inserted and artificial ventilation begun 
with minute volume sufficient just to suppress spontaneous respiratory movements. This 
was done to prevent any adrenal discharge which would otherwise have resulted from 
failure of ventilation during the later’operative procedures which led to pneumothorax. 
A mid line abdominal incision was made from the xiphisternum to the pubis and the entire 
gastro-intestinal tract removed. The xiphisternum and lower ribs were retracted headwards 
to provide free access to the adrenal glands. One or both adrenal glands were then prepared 
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for perfusion. In some experiments one or both glands were perfused in situ; more often, 
however, one or other adrenal gland was removed from the animal and perfused in vitro. 

Perfusion of the adrenal glands in situ. In a number of preliminary anatomical studies 
casts were made of the arterial supply to the gdrenal glands by injecting thin liquid plaster 
of Paris under considerable pressure through a cannula in the abdominal aorta. By this 
means it was shown that the arterial supply was both complex and variable. Arterial twigs 
to the adrenal gland were seen coming from: (1) the adrenolumbar arteries and the phrenic 
artery, (2) the coeliac axis and superior mesenteric artery at various distances from their 
origins from the aorta, (3) the renal arteries at varying positions between the abdominal 
aorta and kidneys, and (4) the abdominal aorta (especially its ventral aspect) at varying 
distances caudal from the adrenals as far as, or even below, the origin of the renal arteries. 
Gross variation from animal to animal was apparent and it was obvious that any close 
arterial perfusion was impracticable. A more remote perfusion technique was therefore 
adopted as follows: : 


(1) A series of ligatures was placed around the border of the right kidney, and the renal 
vein and artery tied off close to the hilus. : 

(2) The right kidney was elevated and the adrenolumbar artery and vein tied off just 
lateral to the right adrenal gland. 

(3) The diaphragmatic branches of ‘the right adrenolumbar and coeliac arteries were tied 
along with any associated veins (the coeliac axis and superior mesenteric arteries had been 


tied and cut during evisceration). Neighbouring vascular shunts were occluded by ¢utting . 


the right crus of the diaphragm between ligatures. 
(4) The right greater and lesser splanchnic nerves were transected. 


(5) While the right kidney wasreflected medially (but notso as to interfere with the circulation 
of theright adrenal), ligatures were placed around the three or more pairs of perforating lumbar 
arteries which arose from the abdominal aorta on its dorsal aspect in the region to be perfused. 
(6) The dorsal aspect of the aorta was completely freed from the prevertebral tissue to 
interrupt sympathetic nerve fibres that connect the adrenals and the sympathetic chain in 
this region (Vogt, 1952). : 

(7) Steps 1-4 were repeated on the left side. © 


(8) The aorta was tied immediately above the coeliac axis and perfusion begun through a 
glass cannula inserted into it about 1-5 cm below the renal artery and pointing headwards; 
this cannula was fitted with a bubble trap. : 


(9) The inferior vena cava was tied below the liver and above the entry of the right adreno- 


lumbar vein. Perfusate was collected through a polythene cannula inserted into the vena 


cava at the same level as the arterial cannula. 


(10) A third cannula, made of polythene tubing and fitted with a tap, was inserted into the 


cdeliac axis. During the change over from one perfusion solution to another, fresh fluid was 
first washed vigorously through a side arm in the ‘inflow’ arterial cannula in the aorta, and 
then the tap of this third ‘outflow’ cannula was opened and the remaining dead space in the 
abdominal aorta washed out. In this way the effective dead space in the system was 
equivalent to the small volume of fluid in the fine arterial twigs supplying the gland. 

(11) As soon as perfusion was begun the animal was killed by cutting open the thoracic 
aorta so that arterial pressure fell to zero and no blood could thereafter find its way into the 
perfused region through any untied anastomosis. 

The gland was perfused at a constant pressure of about 70 mm Hg provided by a large 
reservoir of compressed air. Flow through the perfused region was about 3-4 ml./min. The 
total blood flow through both the cat’s adrenals has been estimated to be appr oximately 
1-3 ml./min (Stewart & Rogoff, 1917). | 

Perfusion of the isolated adrenal gland, During the course of the investigation it was found 
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more convenient for many purposes to isolate a single gland, either the right or the left, and 
perfuse it in the reverse direction through the adrenolumbar vein. This procedure had the 
advantage of limiting the perfusion to the adrenal tissue and thereby allowing a higher 
concentration of catecholamines in the perfusate. This was of especial value when, for 
example, the perfusate contained excessive amounts of potassium, which would tend, in 
large volume, to interfere with the bioassay. The preparation had the additional advantage 
of being comparatively simple to set up. 

The procedure was as follows: The animal was eviscerated as previously described, and 
one or other kidney retracted to reveal the corresponding adrenolumbar vein. Any tribu- 
taries from extra-adrenal sources which joined this vein in its course across the gland to the 
inferior vena cava were tied and a fine polythene cannula connected to the perfusion system 
was tied into the vein lateral to the gland and pointing toward it. The adrenolumbar vein 
was then tied close to the vena cava and retrograde perfusion begun with a pressure of 
about 70 mm Hg. The thoracic aorta was then cut open to reduce systemic blood pressure 
to zero, and the adrenal gland cut free from the animal as rapidly as possible so that it 
would not be stimulated by discharges in the sympathetic nerves set up by the terminal 
asphyxia. The gland, attached to the end of the perfusion cannula, was transferred to a filter 
funnel filled with liquid paraffin. The effluent from the cut ends of the many small arterial 
twigs accumulated in the stem of the funnel and could be drawn off at appropriate intervals. 

Perfusion fluids. Perfusion was usually carried out with phosphate-buffered Locke’s 
solution of the following composition (mm): NaCl, 154; KCl, 5-6; CaCl,, 2-2; Na,HPO,, 
2-15; NaH,PO,, 0-85; glucose 10. When equilibrated with pure oxygen this solution had a 
pH close to 7-0. Similar solutions were used deficient in sodium, potassium or calcium. 
When sodium was removed the osmotic pressure of the solution was restored with sucrose 
(0-9 % NaCl was considered to be isosmotic with 9-25 % sucrose). Some solutions contained 
5 or 10 times the normal amount of potassium (28 or 56 mm). In these solutions sodium was 
reduced by a corresponding amount. In some experiments to test the effect of various 
calcium concentrations bicarbonate-buffered Locke’s solution of the following composition 
was used (mM): NaCl, 154; KCl, 5-6; CaCl,, 0-5, 2-2, 8-8 or 17-6; NaHCO,, 6; glucose 10. 
These solutions were equilibrated with 5% CO, in O, and had a pH close to 7-0. In some 
experiments the perfusion fluid was pure sucrose in a strength (9-75 g/100 ml.) isosmotic 
with Locke’s solution. Sometimes calcium (2-2 mm) was added to this sucrose solution. — 
ACh chloride was added to any of these solutions when necessary in a concentration of — 
10-* g/ml. All solutions contained ascorbic acid 10-° g/ml. to inhibit oxidation of cate- 
cholamines. Perfusion was carried out at room temperature (24-26° C). Samples of perfusate 
were collected into flasks kept on ice, and then immediately frozen for subsequent assay. 

‘It should be noted that we have observed no consistent or significant effect of ACh on 
the flow of perfusate through the adrenal. In some experiments the flow in the presence of 
ACh was identical to that in its absence: in other experiments the flow during perfusion 
with ACh was slightly above or below the levels found in ACh-free Locke’s solution, but 
the effect was no greater than that which tended to occur spontaneously and which had no 
detectable influence on catecholamine output. 

Assay of catecholamines. In response to electrical stimulation of the splanchnic nerves, 
or to ACh or potassium, the adrenal glands release the two catecholamines noradrenaline 
and adrenaline. The relative amounts vary widely, not only in different experimental condi- 
tions, but in apparently similar experimental conditions in different investigations (von | 
Euler, 1956). Since our immediate interest was the total catecholamine output, the test object 
chosen for assay was the rabbit’s thoracic aorta, which according to Furchgott & Bhadrakom 
(1953) is only very slightly more sensitive to noradrenaline than to adrenaline. The prepara- 
tion was made as described by Furchgott (1960), and suspended at 37° C in Krebs’s solution 
of the following composition (mm): NaCl, 118; KCl, 4:73; CaCl, 2-54; KH,PO,, 1-18; 
NaHCO,, 24-9; glucose 11-09. This was equilibrated with 5% CO, in oxygen and contained 
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the disodium salt of EDTA (ethylenediaminetetra-acetic acid) (10-5 g/ml.) to chelate heavy- 


metal ions and slow oxidation of the catecholamines (Furchgott, 1960). Such a preparation 
almost always gave satisfactory contractions when 0-02-0-03 ug of adrenaline was added tothe 
bath (8 ml.). A number of preparations were about ten times as sensitive. There is ample 
evidence that the smooth le-stimulating substances released from the adrenal gland by 
splanchnic stimulation, ACh or potassium are adrenaline and noradrenaline. The active 
material in perfusates obtained in the present experiments caused contractions identical 
with those caused by adrenaline and was blocked to the same extent as adrenaline by 
partially blocking doses of the blocking drug phentolamine (Regitine). Assays were usually 
performed with doses equivalent to 0-05 ug or less of adrenaline (the values were expressed 
in terms of adrenaline bitartrate). At such levels discrimination between different doses was 
good and recovery prompt, so that tests could be made at intervals of a few minutes. It was 
found that by careful and repeated bracketing of test and standard samples an estimate of 
the adrenaline content of the ‘test’ sample could be expected not to deviate by more than 
about 10% from the true value. 

Recording of contractions. Shortening of the aortic strip was recorded by an isotonic lever 
with a load on the tissue of 4 g. The small doses of catecholamines used caused an extremely 
small shortening of the aortic strip (about 1 % of its length) and, with the 4 cm length we 
employed, required a friction-free and sensitive recording apparatus. Movement of the lever 
was therefore measured, amplified and recorded electrically as follows: A metal rod was — 
suspended from the lever in such a way as to act as a moving core of a coil carrying alter- 
nating current. Changes in the position of the lever thus caused changes in the inductance 


of the coil. By incorporating this coil in a bridge circuit ‘out of balance’ currents were 


obtained which were amplified and used to drive an ink recorder. The over-all ‘mechanical 
plus electrical’ gain of the system was usually chosen to be about x 50. 


RESULTS 
Effect of ACh in Locke’s solution 


Some preliminary experiments were carried out to establish appropriate 
conditions for stimulation by ACh. It was found that during perfusion 
with Locke’s solution there was always some spontaneous output of 
catecholamines. The amount varied in different experiments, but was 
most commonly about 0-05—-0-1 ug/min/gland (at the beginning of per- 
fusion, the value was occasionally several times higher). Switching from 
Locke’s solution to Locke’s solution plus ACh 10-> g/ml. always caused a 
large increase in catecholamine secretion. In the first 2 min the rate not 
uncommonly rose to 15 yg/min/gland; thereafter, as perfusion with ACh 
was continued the output fell to reach about 10% of this rate by about 
the tenth minute (Fig. 1). THe reasons for this falling output have not been 
explored. For the present purposes it was found satisfactory to make tests 
of the adrenal response to ACh lasting 30 sec or 4 min, and to repeat these 
tests at intervals of about 20 min. Although there was some fall off in the 
amount of catecholamines released in successive tests, the responses were 
maintained sufficiently well to permit experiments of the sort we per- 
formed (viz. Fig. 4). : 

The first group of experiments was designed to examine the effect of a 
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reduction in the extracellular concentration of one or other of the cations 
sodium, potassium, or calcium upon the catecholamine-releasing effect of 
ACh. The procedure adopted in these experiments is typified by the 
following experiment with K-free Locke’s solution. 

30 


g/min) 


Catecholamine output (y 


Time from beginning of ACh perfusion (min) 


Fig. 1. The time course of catecholamine release during continuous perfusion of 
both adrenal glands with ACh. After a control period of perfusion with Locke’s 
solution, during which catecholamine output was 0-064 yg/min (indicated by the 
thickening of the base line) perfusion was changed to Locke’s solution containing 
ACh 10-* g/ml. and successive 2 min samples taken. 


Effect of ACh in K-free Locke’s solution — 

In the experiment of Fig. 2a, an adrenal gland was isolated from the 
‘body and perfused in vitro with Locke’s solution. After 16 min, during 
which four ‘resting’ samples of perfusate were collected for assay, perfusion 
was switched rapidly to a second solution identical with the first except 
that it contained ACh in a concentration of 10-5 g/ml. Perfusion with this 
ACh-containing medium was continued for 4 min and the perfusate was 
again collected for assay. Immediately following collection of this sample 
perfusion was changed to K-free Locke’s solution. At the end of a further 
16 min and collection of four more ‘resting’ samples, perfusion was again 
switched, this time to K-free Locke’s solution containing ACh (10~-* g/ml.) 
and another 4 min sample obtained. Then the whole sequence was repeated 
several times to observe further the stimulant effect of ACh in Locke’s 
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P solution and in K-free Locke’s solution. All the samples were assayed and 
f _ the output of catecholamines per minute during each collection period was 
° calculated. As may be seen from Fig. 2a, which shows a typical series of 


responses obtained in this way, perfusion with ACh resulted in a huge out- 

pouring of catecholamines amounting to several micrograms per minute. 

The absence of potassium from the perfusion fluid did not diminish the 

excitant effect of ACh on catecholamine release: on the contrary, in each | 
of a number of tests it enhanced the effect. 


3 (b) (c) 


Catecholamine output (ug/min) 


Locke Locke _—_ Locke Locke © Locke 
K-free ‘Na-free Ca-free 

Fig. 2. The effect of omission of various cations on the amount of catecholamine 
released from the adrenal gland by ACh. The three experiments (a), (6) and (c) 
were performed on different adrenal glands perfused through the adrenolumbar 
vein with Locke’s solution free from KCl (a), NaCl (6) or CaCl, (c). The deficient 
solutions are indicated by the stippled horizontal bars. Catecholamine output’ was 
measured in successive 4 min collection periods in each experiment. The solid 
vertical bars show the output in response to the addition of ACh 10~° g/ml. during 
a 4 min period. The open vertical bars show the ‘spontaneous’ outputs of cate- 
cholamines. The scale on. the left applies to (a): the scale on the right applies to 
(b) and (c). Since changing from Ca-free Locke’s solution to Locke’s solution 
caused a transient secretion (see Fig. 3), for clarity ‘spontaneous’ outputs have 
been omitted from (c). 
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Effect of ACh + in N. a-deficient Locke’s solution 


Similar experiments were done to test the effect of ACh during perfusion 

with Na-deficient Locke’s solution in which NaCl was replaced with an 
isosmotically equivalent amount of sucrose. The solution was otherwise 
identical with the control Locke’s solution and like it contained a small 
amount of sodium in the form of phosphate buffer. In these experiments 
a large output of catecholamines was still evoked by ACh after 16 min 
perfusion with the Na-deficient medium (Fig. 26). 

When several such periods of Na deprivation were interpolated during 
prolonged perfusion with Locke’s solution, the outputs of catecholamines 
in response to stimulation by ACh were strikingly diminished, not only 
when ACh was administered in the Na-free Locke’s solution but also when 
it was given in Locke’s solution. In this respect the experiments differed 
from those involving K-free perfusion, where the deterioration was not 
greatly in excess of that which occurred in glands perfused throughout 
with Locke’s solution. It was also noted that unlike perfusion with 
K-free Locke’s solution, perfusion with a reduced concentration of sodium 
caused a progressive increase in the ‘spontaneous’ output of catecholamines. 


Effect of ACh in Ca-free Locke’s solution 


The omission of calcium from the perfusion fluid had an effect strikingly 
different from the effect of omitting sodium or potassium. Perfusion with 
Ca-free Locke’s solution for 16 min reduced the amount of catecholamines 
released by ACh to a very small fraction (5% to less than 1 °% in different 
tests) of the control value obtained in Locke’s solution (Fig. 2c). The effect 
was reversible and could be repeatedly obtained in a single preparation. 

During the periods of perfusion with Ca-free Locke’s solution the 
spontaneous output of catecholamines tended to fall, and the total loss of 
catecholamines from the gland during such a period, before the introduc- 
tion of ACh in Ca-free Locke’s solution, was a small fraction (less than 5 °%) 
of the outputs in response to ACh given earlier or later in the experiment 
while perfusing with Locke’s solution. Clearly there was no significant 
_ depletion of catecholamines at the time when ACh, in Ca-free Locke’s 
solution, failed to elicit secretion. 


Release of catecholamines by calcium 
_ It was found that the effect of calcium deprivation was not confined to 
suppression of the response to ACh. After a period of perfusion with Ca- 
free Locke’s solution, some change occurred in the gland such that large 
amounts of catecholamines were released merely by reintroducing Locke’s | 
solution containing the normal amount of calcium (Fig. 3a). It does not 
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follow from such an experiment, however, that this effect of reintroducing 
calcium is due to an action on the adrenal medullary cells directly. The 
effect could be on the splanchnic nerve endings, since Hutter & Kostial 
(1955) found during experiments on the superior cervical ganglion per- _ 
fused with Locke’s solution that the amount of ACh released by nerve 
stimulation was occasionally enhanced if the test were preceded by a period 
of perfusion with Ca-free Locke’s solution. If in our experiments there 


12 

(a) (b) 
10 
‘ 


Catecholamine output (ug/min) 


4 = 
2+ 
Loc Locke 
Ca-free _Ca-free 


+ Hexamethonium 


Fig. 3. Release of catecholamines by Locke’s solution (indicated by solid hori- . 
zontal bar) following perfusion with Ca-free Locke’s solution (indicated by stippled 
horizontal bar). (a), both adrenals perfused in situ, (b), left adrenal perfused 
in vitro: hexamethonium (5 x 10~‘ g/ml.). present throughout this experiment. 


were any random activity in the sympathetic nerves, such as injury dis- 


charge, then reintroduction of calcium might increase the amount of ACh 


released and thereby increase catecholamine output. It is highly improb- 
able, however, that a presumably small and random effect could account 
for a release of catecholamines of the magnitude found in our experiments. 
The amounts of catecholamines released by reintroduction of Locke's 
solution were usually several times greater than those we were able to 
release by maximal stimulation of the splanchnic nerves in Locke’s solu- 
tion. The possibility of such an indirect mechanism of catecholamine 
release was excluded by experiments with hexamethonium. This substance 
is known to suppress the secretory response to splanchnic nerve stimula- 
tion (Paton & Zaimis, 1952), and we have found that under our conditions 
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~ hexamethonium (5 x 10-4 g/ml.) reduces the response to maximal splanch- 
nic nerve stimulation from about 2-5 »g/min to about a tenth of this value 
(this effect is illustrated in Fig. 5). As is seen from Fig. 3b, hexamethonium 
in this concentration did not prevent the reintroduction of calcium from 
causing its customary powerful effect and raising secretion to about 
9 wg/min. 

The finding that calcium in a normal concentration could stimulate 
adrenal medullary secretion in these abnormal conditions prompted us to 
test whether excess calcium would stimulate the gland during perfusion 
with Locke’s solution. When perfusion was switched from Locke’s solution 
to Locke’s solution plus calcium 20 mm (i.e. to a total of 22-2 mm Ca) there 
was no obvious increase in secretion. 


Quantitative relation between secretion and calcium concentration 


It was found that there was a quantitative relation between the amount 
of catecholamines released by ACh and the concentration of calcium in the 
perfusion fluid over a wide range. This was shown by experiments in which 
responses to ACh (10-° g/ml.) were tested alternately in Locke’s solution 
and in a solution otherwise identical but containing more, or less, calcium. 
One of eight such experiments is illustrated in Fig. 4, which shows that 
catecholamine output was more than doubled when the calcium concen- 
- tration was raised to 17-6 mm. This was the largest effect observed : higher 
concentrations of calcium were not studied. With 8-8 mm Ca the response 
to ACh was about 50°% greater than the control value, while with 0-5 mm 
Ca it was about half the control value. 


The effect of Ca lack on the response to potassium 


It is not improbable that ACh may cause catecholamine secretion by 
depolarizing adrenal medullary cells, for it depolarizes the homologous 
sympathetic ganglion cells (Paton & Perry, 1953). Moreover, excess 
potassium (which may be assumed to depolarize) is known to release 
catecholamines from the medulla. It was therefore of interest to see 
whether the response to potassium was also dependent on the presence of 
calcium. The addition of potassium (50 mm) to Locke’s solution caused the 
gland to secrete at a rate of 10 ug/min or more. This same concentration 
of potassium, however, was almost without effect when added to Ca-free 
Locke’s solution at the end of 16 min perfusion with thismedium. Although 
it is known that potassium excites adrenal medullary cells directly (Vogt, 
1952), experiments were done with hexamethonium to rule out the possi- 
bility that the effect of potassium observed in our experiments was indirect 
and the consequence of stimulation of splanchnic nerve endings. One such 
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experiment is illustrated in Fig. 5, which shows that potassium evoked a 
powerful secretion under conditions in which the response to maximal 
splanchnic stimulation was enfeebled by hexamethonium, and also that 
potassium failed to release catecholamines when calcium was absent. 


10 
— 
= 


176 2:2 17-6 2:2 17% 
_ Calcium content of perfusion fluid (mM) 


Fig. 4. The potentiating effect of excess calcium on the amount of catecholamine 
released by ACh. An adrenal gland was perfused in vitro alternately for 16 min 
periods with Locke’s solution (2:2 mm Ca) and a ‘high-calcium’ Locke’s solution 
(17-6 mm Ca). During the last 4 min of each period of perfusion with one or other 
solution, ACh 10-5 g/ml. was introduced for 30 sec. The vertical bars show the 
secretory responses obtained sequentially in this way. 


Perfusion with sucrose plus calevum 
Some experiments were done to see whether calcium alone, in the absence 


of sodium or potassium, might be sufficient to allow ACh to release cate- 
cholamines. Perfusion was carried out with isotonic sucrose containing 
calcium 2-2 mm and a small amount of sodium phosphate buffer (1-3 mm). 
A complication arose in that this Ca-sucrose solution itself caused a 
steadily mounting output of catecholamines reaching a level of several 
micrograms per minute. In such experiments (Fig. 6a) ACh failed to 
release further amounts of catecholamines, although the rate of secretion 
was usually well below that which might have been expected from ACh or 
the rate that could be achieved in different circumstances (e.g. Fig. 6c). 
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The strongly stimulant effect of the Ca-sucrose medium could not be 
attributed to the pH, for although acidity is known to cause release of 
catecholamines (von Euler & Stjirne, 1955) the solution was buffered to 
the same pH as the Locke’s solution. Apparently the effect resulted from 
the withdrawal of sodium and potassium together. As we have described 
earlier, removal of one or other of these ions individually had comparatively 
minor effects on spontaneous release. 


output (yg/min) 


S; 
K1 
Locke Locke 
Ca-free 


Hexamethonium 


Fig. 5. An experiment on an adrenal gland perfused in vivo showing that potassium 
evokes medullary secretion in the presence of hexamethonium sufficient to 
suppress the stimulant effect of splanchnic nerve stimulation and that this effect 
depends on calcium. . 

The four responses were obtained sequentially at intervals of about 20 min. 
S1 and §2 show the catecholamine outputs to 4 min periods of maximal stimula- 
tion of the splanchnic nerve at 10 shocks/sec before and after the addition of 
hexamethonium 5 x 10-4 g/ml. to the perfusion fluid (Locke’s solution). K 1 and 
K 2 show the catecholamine outputs to 4 min periods of perfusion with potassium 
(56 mm) in Ca-free Locke’s solution and Locke’s solution, each containing hexa- 
methonium 5x10-*g/ml. (Tonicity of the ‘high-potassium’ solutions was 
maintained by appropriate reduction of sodium.) _ | 
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Perfusion with pure isosmotic sucrose 


Perfusion with pure isosmotic sucrose free from calcium was also found 
to cause catecholamine release. This effect was seen not only when this 
medium was introduced after Locke’s solution and when some calcium 
would still be present, but also in experiments in which Ca-free sucrose was 
given after a period of 16 min perfusion with Ca-free Locke’s solution 


Catecholamine output (zg/min) 


- 


: 


o 
T 


| 


Locke Locke Ca-free Ca-free Ca-free Ca-sucrose 
Ca-sucrose Locke sucrose Locke sucrose 


+ Hexamethonium 


Fig. 6. Experiments on three adrenal glands perfused in vitro showing stimulation 
of catecholamine output by isosmotic sucrose with or without calcium, and in the 
presence or absence of hexamethonium. Catecholamine outputs in successive 
4 min collection periods are shown. (a), the effect of sucrose plus 2-2 mm calcium 


following Locke’s solution. (b), the effect of Ca-free sucrose following Ca-free — 


Locke’s solution. (c), the effect of adding calcium to Ca-free sucrose (hexametho- 
nium 5 x 10-* g/ml. present throughout c). 

ACh 10-5 g/ml. was present during the periods indicated ins the solid vertical bars 
in (a) and (b). K (56 mM) was present during the period indicated by the cross- 
hatched vertical bar in (c) (isotonicity was maintained by appropriate reduction 
of sucrose). 
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(Fig. 66). Such effects of Ca-free sucrose were also seen in glands perfused 
with hexamethonium (Fig. 6c) and must therefore involve the medullary 
cells directly. When calcium was added during such perfusion the output 
of catecholamines increased greatly, but it was not.further increased by 
the addition of potassium (56 mm) to the sucrose medium (Fig. 6c). 


DISCUSSION 


Acetylcholine clearly evokes adrenal medullary secretion through some 
calcium-dependent process. This seems to involve the release or ejection of 
catecholamines rather than their synthesis or storage, for there is no 
significant loss of catecholamines from the gland during Ca-free perfusion 
when ACh fails to cause secretion, and large amounts of catecholamines 
can be released in such conditions by other stimuli such as isosmotic sucrose. 

It is known that calcium has an important action in maintaining cell 


_ membranes, in particular their impermeability to various ions (Franken- 


haeuser & Hodgkin, 1957; Harris, 1960; Maizels, 1960) and a passive role 
of this sort might explain some of our results, such as the reduced efficacy - 
of ACh when calcium is low and its lack of effect when calcium is absent. 
It offers, however, no ready explanation for the findings that the response 
to ACh is potentiated by caicium in high concentrations and that calcium 
itself may cause secretion. These suggest to us that calcium may play a 
more active role in the stimulant action of ACh. A clue to this role is 
provided by the evidence that calcium is only effective in releasing cate- 
cholamines after a period of calcium deprivation, and that as much as ten 
times the normal concentration of calcium fails to evoke secretion when 
added during perfusion with Locke’s solution containing the normal 
amount of calcium. The stimulant effect of reintroducing calcium thus 
occurs in circumstances known to increase membrane permeability. The 
effect could thus be due to calcium ions penetrating the medullary cells. 
If the level of ionized calcium within the medullary cells is as low as it 
appears to be in various other cells (Keynes & Lewis, 1956; Harris, 1957), 
then an inward flux of calcium ions is to be expected if permeability to 
them is increased. | 

The possibility thus arises that ACh may cause secretion by acting on 


_ the membranes of the adrenal medullary cells to cause themto take up 


calcium ions. This does not seem unlikely. At each of the sites of cholinergic 
transmission where the role of ACh has been rigorously examined (e.g. the 
motor end-plate, del Castillo & Katz, 1956) it appears to be confined to the 
membrane, probably its outer surface, and to involve the production of 
some increase in membrane permeability to common species of ions. There 
is, moreover, evidence that ACh does not act directly on the intracellular 
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stores of catecholamines (the adrenal medullary granules) to cause release 
of catecholamines (Blaschko, Hagen & Welch, 1955; Schiimann & Weig- 
mann, 1960). If ACh acts on medullary cells to increase their permeability 
to calcium, an inward movement of calcium ions would be expected for the 
reasons we have just given. Such an influx of calcium ions in response to 
ACh has already been found in muscles (Robertson, 1960; Shanes, 1961). 
It would also be expected that the amount of calcium ions passing inward 


.,,.would depend on the extracellular calcium-ion concentration, as has again 
» been found in muscle (Holland & Sekul, 1959). Such an active role of 


calcium in the secretory response of the adrenal medulla to ACh would 
account not only for the depressant effects of low and zero calcium con- 
centrations, but also for the potentiating effects of calcium concentrations 
above the normal. It would also be consistent with the finding that omis- 
sion of potassium enhances the secretory response to ACh, for calcium 
influx into muscles is known to be enhanced in such circumstances (Nieder- 
gerke & Harris, 1957; Holland & Sekul, 1959). 


The fact that isosmotic sucrose liberates catecholamines in the absence of extracellular 
calcium does not argue against the hypothesis that calcium links the ACh stimulus with the 
secretory response, but indicates that catecholamines may also be released by other 
mechanisms. Whether it is the sucrose, or the lack of sodium and potassium, which is 


_ responsible for the release is uncertain, but-the latter possibility is suggested by the fact that 


sucrose containing potassium 5-6 mm was much less effective. It is. known that in pure 
sucrose the catecholamine granules isolated from the adrenal medullary cells tend to lose 
their amine content (Hillarp, 1958; Schiimann & Weigmann, 1960), but this effect is rather 
small at the temperatures at which we worked, and moreover it seems improbable that 
significant quantities of sucrose penetrate the medullary cells. Tho effect of isosmotic 
sucrose on the whole gland seems most probably to be a membrane phenomenon. It is of 
interest that the almost complete replacement of sodium with sucrose, which we found 
causes @ progressive increase in the ‘resting’ discharge of catecholamines, causes an in- 
creased uptake of calcium and its accumulation in heart muscles (Niedergerke & Harris, 
1957). 

Although calcium is obviously able to evoke catecholamine secretion in 
the whole gland, Hillarp (1958) has reported that the addition of calcium 
1 mm does not increase the release of catecholamines from isolated adrenal 
medullary granules suspended in sucrose. Although this might simply 
mean that some other intracellular constituent is required along with 
calcium, there are grounds for believing that the process of secretion 
occurring in the whole cell does not involve the intracellular disruption of 
these granules or indeed the leakage of catecholamines from them. Rather, 
from electron-microscopic studies it seems that the process of adrenal 
medullary secretion involves a complex chain of events (referred to as 
‘vesiculation and membrane flow’) during which the secretory granules 
are first attached to the membrane and their contents then extruded 
through it (De Robertis, Nowinski & Saez, 1960). This may be the process 
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which is calcium-dependent. Calcium is known to have an influence not 
only on cell membranes but also on the physico-chemical properties of cell 


sap (Heilbrunn, 1943, 1956; Hodgkin & Katz, 1949; Chambers & Kao, 


1952). 

It is not known if ACh depolarizes adrenal an colle but it acts in 
this way at other sites including the developmentally homologous ganglion 
cells (Paton & Perry, 1953). Since we have found that potassium in con- 
centrations which presumably cause considerable depolarization also 
excites medullary secretion through some calcium-dependent process, and 
since depolarization is known to cause an influx in calcium ions in muscles: 
and nerves (Bianchi & Shanes, 1959; Hodkgin & Keynes, 1957) it is not 
improbable that ACh could cause calcium influx at the medulla by 
depolarization. However, the omission of sodium from the perfusion fluid 
for 16 min did not seriously depress the response to ACh although it might 
be expected to impair depolarization due to sodium influx, and it is thus 
possible that ACh may stimulate calcium uptake without depolarization. 
(The loss of the stimulant response to ACh after more lengthy perfusion 
with sodium-free Locke’s solution may be due to desensitization of ACh 
receptors such as appears to occur at motor end plates in such a medium 
(del Castillo & Katz, 1955). | 

Because of the common developmental origins of the adrenal medullary 
cells and the post-ganglionic sympathetic neurones, the present experi- 
ments obviously provide grounds for supposing that calcium may be 
similarly involved in the secretion of noradrenaline on the arrival of 


impulses at sympathetic nerve endings. In nerves which are cholinergic 


calcium appears to act in this way as a link between the nerve impulse and 
the secretion of ACh, and calcium penetration into the nerve ending during 
activity has been postulated as the trigger for ACh secretion (Birks & 


_ MacIntosh, 1957; Hodgkin & Keynes, 1957). Although the stimulus to 


secretion in nerves is the action potential while that to the medullary cell 
is ACh, a common mechanism—depolarization—may underly both res- 
ponses. A further inference from our experiments is that other biologically 
active substances may be released from their intracellular stores by 
calcium entry. Calcium is required for the release of histamine and 5- 
hydroxytryptamine during the antigen-antibody reaction (Humphrey & 
Jaques, 1955) and the amount of histamine released varies with the cal- 
cium-ion concentration (Mongar & Schild, 1958). 

Finally, each of the main pieces of evidence which together suggest to us 
that calcium somehow links the ACh stimulus to the secretory response in — 
the adrenal medulla has a parallel in the evidence which has led others to 
propose that calcium influx links stimulation with muscular contraction 
(Heilbrunn, 1943, 1956; Sandow, 1952; Shanes, 1958). Thus, omission of 
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calcium leads to failure of contraction (Frank, 1960): force of contraction 
varies with extracellular calcium concentration (Niedergerke, 1956): 
calcium causes contraction provided the membrane barrier to it is removed 
(Podolsky & Hubert, 1961): and omission of potassium increases force of 
contraction (Niedergerke & Harris, 1957). There are obvious similarities 
between the process which Sandow has described as ‘excitation-contrac- 
tion coupling’ and what we may term ‘stimulus-secretion coupling’. The 
extent of the similarity and its significance remains to be discovered. 


SUMMARY 


1, Experiments have been made to determine how ACh, the chemical 
transmitter of sympathetic effects at the adrenal medulla, causes the 
medullary cells to secrete. 

2. In perfused cat’s adrenals a profound lowering of the sodium content 
of the perfusion medium for 16 min did not cause much reduction in the 
output of catecholamines in response to ACh. When potassium was 
omitted for a similar time the response to ACh was increased. 

3. The omission of calcium, however, virtually abolished the secretory 


_ response of the adrenal medulla to ACh. The effect did not seem attributable 


to reduction of catecholamine stores and was considered to involve the 
process of catecholamine release. 

4. Excess potassium (56 mM) also failed to have its usual powerful 
stimulant effect on catecholamine secretion when given during perfusion 


with Ca-free Locke’s solution. 


5. A quantitative relation was found between the amount of cate- 
cholamines released by ACh and the concentration of calcium in the per- 
fusion fluid at values above as well as below the normal 2-2 mm Ca. 

6. Calcium itself (2-2 mm) caused a vigorous discharge of catecholamines 


when introduced after a 16 min period of perfusion with Ca-free Locke’s 


solution. 

7. Isosmotic sucrose evoked release of catecholamines; ; addition of 
calcium greatly augmented this effect. 

8. It is suggested that the role of ACh as a transmitter at the adrenal 
medulla is to cause some brief change in medullary cells which allows 
calcium ions to penetrate them and trigger the catecholamine ejection 


_ process. 


We wish to acknowledge the valuable and enthusiastic assistance afforded by Miss Siret D. 
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SOME IN VITRO OBSERVATIONS ON WATER, SODIUM AND | 
POTASSIUM METABOLISM IN THE OESTROUS RAT UTERUS 


By P. J. BENTLEY* ann ALISON HOLLAND 


From the Department of Physiology, The University of Western Australia, 
Nedlands, Western Australia | 


(Received 14 April 1961) 


The electrolyte composition of the rat uterus:is known to vary during 
the oestrous cycle and is influenced by the ovarian hormones (Cole, 1950; 
Kalman, 1957), The changes in electrolyte composition are accompanied 
by changes in contractility (see Ussing, 1960). The distribution of the 
electrolyte changes between the myometrium and endometrium of the rat 
is not clear, but in the rabbit, in which the two layers can be satisfactorily 
separated, changes occur in the smooth-muscle layers (Bitman, Cecil, 
Hawk & Sykes, 1959). It would thus seem possible that cyclical changes 
in electrolytes result in altered contractility. Smooth muscle differs from 
striated muscle in its electrical activity and its response to electrolytes in 
the solutions bathing it in vitro (see Davson, 1959). It has been suggested 
that the regulation of sodium and potassium content may also be different 
from that in striated muscle. Daniel & Bass (1956), for instance, have 
shown that in vivo changes of the extracellular sodium and potassium con- 
centrations did not result in parallel changes in the two types of muscle. 
Bozler & Lavine (1958) found that frog stomach muscle swelled in isotonic 
sucrose solution, but shrank if calcium was present. They suggested that 
the muscle fibres were permeable to sucrose and did not behave as though 
they were surrounded by a semipermeable membrane, and that in the 
regulation of cell volume ‘the charge of protein and intermolecular forces 
are involved’, 

These observations suggested that it might be interesting to study 
weight changes, water content and sodium and potassium contents of the 
rat uterus in vitro under different conditions. As in this species the myo- 
metrium cannot be separated satisfactorily from the endometrium, these 
determinations were combined with histological examination of the tissues 
in an attempt to ascertain the distribution of the volume changes. The 
results include the effects of changes in tonicity and divalent ion concen- 
trations as well as the effects of metabolic inhibitors, cardiac glycosides and 
oxytocin. 


* Present address: Department of Pharmacology, University of Bristol. 
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METHODS 
Animals. Young, but mature, albino virgin female rats (170-200 g) were injected intra- 


_ muscularly with 0-1 mg of di-hydrostilboestrol (Ocestrogenine; Fawns & McAllan) 48 hr and 


again 24 hr before use. They were killed by concussion and the uterus was dissected and 
placed in Krebs’s solution. 

Solutions. Pieces of uterus were normally bathed in the Medium III described by Krebs 
(1950). But the only energy substrate used was glucose, so that the final concentrations of 
the constituents were (mM): NaCl, 126-9; KCl, 5-37; CaCl,, 2-87; MgSO,, 1-43; KHPO,, 1-34; 
NaHCO,, 4-0; phosphate buffer 2-61 and glucose 13. The solution was gassed with a mixture 
of 95 % O, and 5 % CO, and the pH was 7:4. When an ion was excluded, the total osmotic 
concentration was maintained by the addition of sodium chloride. Analytical reagents were 
used throughout. 

Experimental procedure.. Each horn of the uterus was cut transversely into two pieces. 
A small platinum hook was inserted through one end of each of the four pieces of uterus so 
obtained. This hook was used to suspend the piece of uterus from the balance for weighing. 
The pieces of uterus ranged in weight from 110 to 140 mg. At the beginning of the experi- 
ment each piece was blotted on filter paper and weighed to the nearest 0-5 mg. It was then 
placed in a test tube containing 30 ml. of Krebs’s solution, or a modification of it, which was 
kept in a water-bath at 37° C. At the end of the experiment the piece of uterus was weighed 
again on the hook and then by itself in a tared vitreosil test tube. In order to estimate the 
dry weight of the tissue the test tube containing the uterus was left in an oven at 105° C for 
24 hr before being reweighed. The sample was then left overnight in a furnace at 550—580° C 
and the ash dissolved in distilled water (Cole, 1952; Desmedt, 1953). Sodium and potassium 
were determined with a flame photometer. In most cases a piece of uterus from the same 
animal was used for both the control and experimental observations. The experiments 
described in Tables 2 and 3 were all done in this way. In other experiments this was not 
always the case, and the statistical treatment of the data had to be altered accordingly. 

Histology. Pieces of the uterus were fixed for sectioning in Bouin’s solution and stained 
with haematoxylin and eosin. The mounted sections were photographed and the relative 
sizes of the cells in the different experiments determined by measuring the cell diameters in 
photomicrographs that had been magnified equally. This method shows up gross differences 
in cell size, as seen with solutions of differing tonicities or when calcium was absent from the 


_ bathing solution. 


Drugs. Digoxin (Lanoxin; Burroughs, Wellcome and Co.); ouabain (Arnaud, Laboratoire 
Nativelle, Paris) and oxytocin (Syntocinon; Sandoz Products) were used. 

Expression and interpretation of results. Robinson (1960) has pointed out that ideally in 
experiments with isolated tissues comparisons should be made of the same nuniber of cells. 
A unit of either wet or dry weight is often assumed to represent a constant number of cells. 
But changes in the amount of tissue solids or in water content may upset this assumption, 
and when interpreting the results the units used must always be looked at critically. In the 
present experiments water content is expressed as kg/kg dry weight (Robinson, 1957; 
Heckman & Parsons, 1959). Sodium and potassium contents are given on a similar basis, 
i.e. as m-equiv/kg dry weight. It is obvious, however, that such an expression would be 
affected in the same way by a gain or loss of water, sodium or potassium as by a loss or gain 
of tissue solid. Electrolytes are therefore also expressed as m-equiv/kg tissue water. This 
expression will be independent of any loss of tissue solids but will be affected by changes in 
tissue water. Weight changes in incubated tissues have often been assumed to give indica- 
tion of changes in cell volume by uptake or loss of fluid. An increase in weight no doubt 
refiects a fluid uptake, but the loss of high-molecular-weight tissue solids may well contribute 
substantially to a weight loss. 

The oestrous rat uterus is spontaneously active in Krebs’s solution. The various 
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experimental procedures may decrease (e.g. low potassium or calcium concentration) or in- 
crease (e.g. oxytocin) this activity for varying periods of time. It is not possible to predict with 
any accuracy how this will influence the results, as we do not know to what degree active 
transport processes can keep pace with the expected down-hill sodium and potassium move- 
ments across the cell membrane. The extracellular spaces of the tissues were not determined 
in the present experiments. As the extracellular contribution of sodium to the total cation 
content of the tissue is much greater than that of potassium, it will be more difficult to detect 
changes in sodium movement across ae ol wall than those of ee 


RESULTS 


Incubation in normal Krebs’s solution. The weight changes of pieces of 
uterus when incubated at 37° C in Krebs’s solution are shown in Fig. 1. It 
can be seen that in contrast to liver and kidney tissue (Robinson, 1960) the 
pieces of uterus lost weight. If the tissue was incubated at 4° C for 3 hr 
this loss in weight was reduced, so that there was only a 1-55+1:04% 
(s.8. of mean, 8 experiments) decrease in weight below the initial value. 

The water, sodium and potassium contents of the pieces of uterus were 
measured after incubation in Krebs’s solution (Table 1). The water content 
was unchanged after 1 hr but rose after 2 hr. There was a progressive in- 
crease in the amounts of sodium in the tissue and a smaller decrease in 
potassium. The (Na+K) content/kg water rose after 2 hr. If isotonicity 
with the bathing fluid is maintained, it would appear that an exchange of 
some sodium (and probably accompanying chloride) for tissue solids and 
potassium occurs. 

Histological examination failed to reveal any changes in . the size hoo the 
cells of the uterus under the above conditions. 

Metabolic inhibitors. The presence of either 2 mm cyanide or 2 mm iodo- 
acetate caused an increase in weight of the tissue (Table 2). In the case of 
iodoacetate the weight gain was associated with a gain in sodium and a 
smaller loss of potassium. With cyanide, no changes in electrolytes were 
detected. 

Low potassium concentration. When the potassium concentration in 
Krebs’s solution was reduced from 6-71 to 1-34 mm, a net gain of sodium 
and a smaller net loss of potassium occurred (Table 3). Histological 
examination showed a swelling of the cells under these conditions, rae: 


_ ally in the muscle layers. 


Absence of calciwm. The pieces of uterus increased in weight hen 
incubated in calcium-deficient Krebs’s solution (Fig. 1). When magnesium 
was excluded, the uterus behaved as it did in normal Krebs’s solution. 
Substitution of magnesium or strontium for calcium reduced but did not 
abolish the swelling. Incubation at 4° C instead of 37° C also reduced the 
swelling, so that after 3 hr it was only 4-9 + 1-28 % (8) of the initial weight. 
Histological examination of the tissues incubated in the various solutions 
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Fig. 1. Changes in weight of pieces of rat uterus incubated in normal and modified 
Krebs’s solutions: © normal, A no Mg*+, @ no Ca*+, A Mg*+ substituted for Ca**, 
x Sr*+ substituted for Ca*+. Each point on the graph represents the mean value 
of eight experiments and the vertical line indicates the standard error. 
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showed cellular swelling and this was most marked in the muscle layers. 
As can be seen from Table 4, the absence of calcium caused not only an 
increase in the water content of the tissue but also a drop in the content of 
both sodium and potassium/kg water, so that the (Na+K) content/kg 
a water became much less than that in the bathing solution. On substitution 
, of calcium by strontium or magnesium the (Na +K) content/kg water was 
ie normal, but there was an increase in the net gain of sodium and a smaller 


TaBLE 1. The effects of incubation of the rat uterus in 


| : | Krebs’s solution at, 37° C 

a Sodium Potassium Sodium + 
Water potassium 
(kg/kg (m-equiv/kg (m-equiv/kg (m-equiv/kg 
dry wt.) dry wt.) tissuewater) dry wt.) tissue water) tissue water) 


Unincubated (40)  4:794+0:14 3294105 6942-7 3714209  7644°3 145 +5:3 
1 hr incubation (30) 4814+0-03  424+19-8 8944-0 3234275 6744-9 156 + 7-6 
2hr incubation (30) 5-38+0-15 5654171 106425  32649-5 6141-7 167 + 3:3 


The results are given as the mean values +s.£. of the number of determinations given in 1 brackets, 


TaBLE 2. The effects of 2mm cyanide or 2mm monoiodoacetate on the composition 
of the rat uterus incubated for 3 hr in Krebs’s solution at 37° C 


Sodium Potassium Sodium + 
4 Change in Water potassium 
weight (kg/kg (m moquiv [kg (m-equiv/kg (m-equiv/kg 
gE (%) dry wt.) dry wt tissue water) dry wt.) tissue water) tissue 
Normal — 6-4 5:46 526 292 53 149 
f 1 mM cyanide 5-47 502 92 251 . 45 137 
+ 3-1 
Difference from +0-014+0-22 —24+66-6 —4+1-0 —41+220 -—8+141 
normal + 9-5+1-0t 
2mm iodoacetate _ 6-08 756 129 97 15 144 
+17°3 
Difference from +0-624+03 +2304+59-7 -—195+42-0t -—38+4-6t — 


normal + 23-7 + 1-6} 


The values are given as the mean values and mean differences from normal +38.£. of 10 
determinations. Significance of mean differences: {| P < 0:01, { P < 0-001. 


TABLE 3, The effects of low extracellular potassium (1-34 mm) on the composition 
of the rat uterus incubated for 1 hr in Krebs’s solution at 37° C 


Sodium Potassium Sodium+ , 

Change in Water potassium ‘ 

weight (kg/kg (m- equiv /kg (m- equiv (m-equiv/kg (m-equiv/kg 

i (%) dry wt.) dry wt.) tissue water) dry wt.) tissue water) tissue water) 
Normal —1-9 4-80 440 92 358 75 167 
Low +0-4 503 525 105 297 59 164 

potassium 

{ Difference from 


normal +2:3+1-4 +40-23+40-16 +134+3-6¢ -—61420:3* —16+1-0f. 


The values are given as the mean and mean differences +8s.E. of 10 determinations when 
normal and low potassium treatments were compared using two pieces of uterus from the 
same rat. Significance of mean differences: * P < 0:05, + P < 0-01, t P < 0-001. 
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loss of potassium which, if osmotic equilibrium is maintained, could 
account for the observed increase in weight of the tissue. 

Tonicity changes. The sodium chloride concentration in the Krebs’s 
solution was decreased so that the total concentration was 175 m-osmole/l., 
or increased to give concentrations of 555 or 809 m-osmole/l., the normal 
concentration in the Krebs’s solution being 300 m-osmole/l. The changes 
in weight of the pieces of uterus during a 3 hr incubation period in these 
solutions are given in Fig. 2. It can be seen that the tissues all lost weight 


TaBie 4. The effects of incubation at 37° C of the rat uterus for 1 hr in modified Krebs’s 
solution containing no calcium or with strontium or magnesium substituted for calcium 


Sodium Fotessium Sodium + 
Water potassium 
(kg/kg (m- Gy (m- equiv/kg (m- equiv/kg (m- equiv /kg (m-equiv/kg 
dry wt.) dry wt tissue water) dry wt.) tissue water) tissue water) 
Normal (30) 4-81+0-03 424+ a 8 89 + 4-0 323 + 27-5 67+4-9 156+7-6 
» No Ca*+ (22) 5-91+0-16 142+ 13-7 24+ 2-0 182 + 16-0 31+2-6 55+43 
Substitution of: 
Sr*+ for Ca?+ (19) 5-25+0-13 551+ 21-6 108 + 5:5 307 + 18-9 59 + 3-6 167 +4-0 
Mg** for Ca** (16) 5-48 + 0-08 566 + 21-4 105+ 3:9 315+8°8 58+ 1-6 163 + 3-7 


The results are given as the mean values +8.£. of the number of determinations given in 
brackets. 


and that the relative weight decreases were in the order expected on a 
simple osmotic basis. Pieces of the tissue were analysed for water, sodium 
and potassium after 1 hr incubation. Although this is not long enough for 
complete equilibration in (Na+K) content between the tissue and the 
media, it can be seen that at an external concentration of 175 m-osmole/I. 
a loss of sodium and potassium from the tissue had occurred. At 555 m- 
osmole/l. there was an increase in the sodium content of the tissue and a 
loss of potassium, whereas at 809 m-osmole/l. there was an increase in 
sodium and also apparently an increase in potassium. It is not possible 
from the present data to decide whether this increase in potassium is real 
or whether a loss of tissue solids and water is causing an increase on both a 
dry-weight and a tissue-water basis. Sections of the tissues confirmed the 
changes in sizes of the cells indicated by the weight changes and this was 
clearest in the myometrium. 

Cardiac glycosides. Pieces of uterus were incubated for 2 hr in Krebs’s 
solution containing either digoxin (10-* g/ml.) or ouabain (10~* g/ml.). 
Neither sodium, potassium nor water contents were significantly different 
from those observed in control experiments where pieces of uterus from 
the same rat were incubated in normal Krebs’s solution for 2 hr (17 experi- 
ments in each group). 

Oxytocin and histamine. Incubation of pieces of uterus for 2 hr in Krebs’s 
solution containing 3-3 m-u./ml. of oxytocin resulted in a lower potassium 
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content in these pieces of uterus than in the normally incubated pieces 
from the same animal. The difference (46 + 12-8 m-equiv/kg tissue water; 
22 experiments) was statistically significant (P < 0-01). There was no 
significant change in sodium content. Histamine (10-* g/ml.) had no effect 
in 17 experiments. 


Nat 
ci 
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Weight change (%) 
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Fig. 2. tatiana in weight of pieces of rat uterus incubated in Krebs’s solutions of 
different tonicities (m-osmole/1.); & 175, O 300, x 550, A 809. Each point on the 


graph represents the mean value of eight experiments and the vertical lines indi- 
cate the standard error. Note change in ordinate scale. 


TaBLeE 5. The effects of changes in tonicity of Krebs’s solution on the composition 
of the rat uterus after 1 hr incubation at 37° C 


Sodium Potassium ‘Sodium + 


Water potassium 
-(kg/kg (mn-equiv kg (m-equiv/kg (m-equiv/kg (m-equiv/kg 
Treatment — dry wt.) dry wt.) tissue water) dry wt.) tissue water) tissue water) 
4:80+0:123 270+36-7 574+3:5 1694+24-6 36+ 5-6 93 +81 


ypotonic, 
175 m-osmole/l. (10) 
Hypertonic, 4-:07+0-:254 705+432-0 174+40 182+20-0 46+5-8 220+7°8 
555 m-osmole/l. (6) 
3°98+0-112 1029+ 34-6 2614 15-3 403 + 23-8 102+ 6-5 363 + 21-0 
For normal values (300 m-osmole/l.) see Table 1. Results are given as the mean values + 8.E. 
of the number of determinations given in brackets. 
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_ and (2) the ‘integrity of the cell membrane and of the ‘sodium pump’. 
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_ DISCUSSION 


Tissues such as liver and kidney swell when incubated in artificial media 
consisting mainly of sodium chloride (see Robinson, 1960). The oestrous 
rat uterus, however, lost weight when incubated in normal Krebs’s solu-— 
tion. As this was not associated with a reduction in water content expressed 
on a dry-weight basis, it must.be due to a loss of tissue solid and accom- 


panying water. When swelling is observed in isolated tissues incubated in 


various solutions it is generally attributed to a greater uptake of sodium 
and chloride than loss of potassium. In the rat uterus a gain of sodium in 
excess of the loss in potassium is in fact observed, so that in this respect the 
tissue is behaving in a way essentially similar to that of liver and kidney. 
Both cyanide and iodoacetate when added to the bathing Krebs’s solution 
cause a swelling of the tissue, but only with iodoacetate can this be corre- 
lated with a net gain of sodium. The failure of cyanide to affect the move- 
ment of sodium and potassium may have been due to the inadequacies of 
the experiment, but it is possible that sodium and potassium exchanges 
are energized by glycolysis as in frog striated muscle (Frazier & Keynes, 
1959). The effects of low potassium concentration also indicate that there 
is a coupled sodium—potassium exchange as in striated muscle, nerve and 
erythrocytes (see Ussing, 1960). The lack of action of cyanide, and the 
effect of a low external potassium concentration on the sodium content of 
the rat uterus, are consistent with the observations of Daniel & Robinson 
(1960a, b) on sodium extrusion from the rabbit and cat uterus. 

In the absence of calcium from the bathing solution the tissue took up 
water. In addition there was a loss of both sodium and potassium so that the 
(Na+ K) content/kg tissue water was much lower than that in the bathing 
solution. The extracellular space was not determined but photomicro- 
graphs showed an increase in cell size and if this was accompanied by a 
decrease in extracellular space it could at least partly account for the loss 
of sodium that was observed. Bozler & Lavine (1958), using frog stomach 
muscle, have also described a net loss of both sodium and potassium in the 
absence of calcium. If we assume that water movement in tissues is 
principally the result of differences in osmotic pressure (Robinson, 1960) 
then the swelling in the absence of calcium would seem to be due to an’ 
increase in the amount of non-diffusable molecules (idiomolar value, 
Conway & Hingerty, 1946) in the cell. Strontium and magnesium substi- 
tuted for calcium maintain the (Na +K) content at a level similar to that 
of the bathing solution. They do not, however, prevent the swelling which 
in this case seems due to a gain of sodium. Calcium may thus have at least 
two actions in the rat uterus: the maintenance of (1) the idiomolar value 
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With regard to the first effect the rat uterus is known to have a larger and 
more labile idiomolar value than skeletal muscle (Cole, 1950, 1951) and 
this is affected by oestradiol (Cole, 1950). Calcium is known to have a 
‘stabilizing’ effect on proteins (Gurd & Wilcox, 1956), and as calcium is 
bound to intracellular structures forming bridges between anionic groups 
(Haurowitz, 1956) a loss of calcium may result in a break-down of organic 
molecules and increased idiomolar value. Calcium is also known to be 
linked with sodium transport in certain erythrocytes (Maizels, 1954), toad 
urinary bladder (Bentley, 1960) and the rat ileum (Dumont, Curran & 
Solomon, 1960). Daniel & Robinson (1960a) on the other hand, found that _ 
absence of calcium from the bathing media did not affect the rate of 
sodium extrusion from rabbit or cat uterus. 

Cardiac glycosides inhibit the active extrusion of sodium from erythro- 
cytes, giant nerve axons, striated muscle and mouse ascites tumour cells 
(see Ussing, 1960). They have also variable effects on the passive move- 
ments of sodium and potassium. In the rat uterus neither digoxin nor 
ouabain had any effect on the sodium or potassium content. The possibility 
cannot be ruled out, however, that the influx and efflux of these ions were 
inhibited to a similar degree, as was demonstrated in mouse ascites 
tumour cells by Maizels, Remington & Truscoe (1958). 

Oxytocin depolarizes and contracts uterine muscle (Thiersch, Landa & 
West, 1959). Born & Bulbring (1956) have shown that there is an increase 
in the rate of efflux of potassium from guinea-pig taenia coli when it was 
stimulated with acetylcholine or histamine. There was a net loss of 
potassium from the rat uterus when it was in contact with oxytocin but no 
change in the sodium content could be demonstrated. Histamine on the 
other hand had no effect on sodium or potassium and it also has no effects 
on the contractility of the rat uterus. 


SUMMARY 

1, The oestrous rat uterus gains sodium and loses potassium when 
incubated in Krebs’s solution. This process is accelerated by 2 mm iodo- 
acetate and a low extracellular potassium concentration. ee had no 
statistically significant effect. 

2. When calcium was excluded from the Krebs’s solution the tissue 
swelled and there was a decrease in the amounts and total (Na+K)/kg 
tissue water in the tissue. Strontium or magnesium when substituted for 
calcium reduced the swelling and abolished the net loss of total electro- 
lytes (sodium + potassium). Sodium nevertheless accumulated at an in- . 
creased rate compared to tissue incubated in normal Krebs’s solution. 
3. Neither digoxin nor ouabain had any effect on the amounts of sodium 
or potassium in pieces of uterus. 
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4. Oxytocin decreased the potassium content of the uterine tissue but 
had no detectable effect on the amount of sodium present. 


This work was carried out with the aid of a Medical Research Grant from the University 
of Western Australia. We are grateful to Miss Eleanor McEwen for technical assistance and 
to Professor W. J. Simmonds for his interest and discussions about the work. 
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STUDIES OF LEPTOMENINGEAL COLLATERAL CIRCULATION 
IN MACACUS RHESUS 


By L. SYMON 


From the National Institute for Medical Research, Mill Hill, 
London N.W.7 


(Received 26 April 1961) 


In previous experiments on dogs (Symon, 1960), it was shown that, 
within a few minutes of occlusion of a major cerebral vessel, free flow of 
blood occurred within the area of supply of the occluded vessel, borne via 
leptomeningeal anastomoses from the vascular fields of adjacent vessels. 
Since it has been established anatomically (Vander Eecken, 1959) that the 
number and size of collateral vessels within the pial circulation decreases 
with increasing convolution of the cortex in higher animals, it became of 
interest to find out whether such prompt collateral flow could be demon- 


strated in these animals as well. Similar experiments were therefore 


carried out in the primate Macacus rhesus. 


METHODS 


Eighteen macaque monkeys weighing between 3 and 5 kg*were used. They were anaes- 
thetized with intravenous thiopentone sodium in an initial dose of 25 mg/kg, supplemented 
at intervals by intravenous doses of 25 mg as required. An endotracheal tube was passed to 
facilitate maintenance of a clear airway throughout. The blood pressure was continuously 
recorded from the cannulated femoral artery. 

Dissection of the carotid sinus. The area of the right carotid sinus was exposed, and the 
carotid-sinus nerve divided. No ligations of vessels were necessary, since in the macaque, 
unlike the dog, the main route for blood from the area of the carotid sinus to the cerebral 
cortex is via the internal carotid artery, and anastomoses between intra- and extra-cranial 
vessels are small and functionally unimportant. 

A polythene cannula with dead space 0-1 ml. was introduced into the lingual artery and 
threaded for a few millimetres down the external carotid artery, so that its tip lay in the 
carotid sinus, care being taken not to occlude the origin of the internal carotid artery. 
Injections of 0-5 ml. of labelled erythrocyte suspension were made through this cannula 
_ from.a tuberculin syringe. These injections were made as rapidly as possible. After each 
injection the cannula was flushed out and filled with a solution of heparin (500 u./ml.). In 
some experiments this dissection was performed on both sides. 

Exposure and occlusion of the vertebral arteries in the neck. A curved transverse incision was 
made half an inch (12 mm) above the sternoclavicular joints, extending for 2-5 cm on either 


side of the mid line. Both sternomastoid muscles were divided and the carotid sheaths | 


gently retracted medially. The origin of scalenus anterior was defined, behind the carotid 
sheath, arising from the transverse processes of the cervical vertebrae. The vertebral artery 
was found in the interval between the longus cervicis muscle on the vertebral bodies and 
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the scalenus anterior passing downwards and laterally, as it ascended to enter the transverse 
process of the sixth cervical vertebra. The vessel could then be clipped or tied close to its 
origin from the subclavian artery. : 

Cannulation of the vertebral artery. The axilla was opened by an incision extending through 
skin and muscle from the sternoclavicular joint downwards and laterally to the anterior 
border of the axilla. After clearing the muscles from both borders of the medial end of the 
clavicle and dividing the external jugular vein, the sternoclavicular joint was dislocated and 
the clavicle retracted laterally with division of the lateral head of sternomastoid in the 
process, The axillary artery was cleared upwards from the axilla, and followed to the arch 
of the subclavian artery, where the origin and first part of the vertebral artery could be 
defined. A catheter, of dead space 0-1 ml., was then passed up from the axillary artery into 
the subclavian, and manipulated into the origin of the vertebral artery. 


Text-fig. 1. Lateral view of the right cerebral hemisphere of Macacus rhesus. The 
dotted rectangles indicate the positions in which the Geiger counter was placed. 


Insertion of the Geiger counter. The animal was turned onto its left side and a U-shaped 
skin flap was made, based posteriorly and extending from the external auditory meatus 
forwards along the zygoma, along the orbital margin to the mid line and backwards to just 
medial to the pinna. The temporal muscle was excised and a wide craniectomy made from 
the mid line to the temporal fossa. The dura was opened by a T-shaped incision and the dural 
arteries were coagulated with diathermy. Occasionally a large vein emerging from the veins 
of the Sylvian fissure, and passing directly into the dura, was found during the reflexion of 
the dura, and was clipped. For recording the flow of labelled erythrocytes through the 
cerebral cortex a probe-pattern Geiger counter (20th Century Electronics Type N 1b) of 
3mm external diameter was introduced obliquely in one of the two positions shown in 
Text-fig. 1, so that the depth of the centre of the counter tip was some 5 mm from the pial 
surface. In most experiments one counter position only was used throughout. When both 
were used, the first insertion was in the lateral of the two sites. The output of the probe 
passed to a small cathode follower, and thence to a rate-meter and Evershed pen recorder. 
A paper speed of 12 in. (30 em)/min was used. . 

Dissection of the basal vessels for occlusion of the anterior and middle cerebral vessels. Gentle 
retraction of the temporal pole backwards enabled the Sylvian fissure to be opened, and 
the arachnoid membrane overlying the optic nerve to be breached by the tip of a fine sucker. 
This revealed the terminal 5-6 mm of the internal carotid artery, with the almost right- 
angled division into middle and anterior cerebral arteries lying lateral to the optic nerve. 
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Interruption of blood flow in the anterior and middle cerebral arteries was carried out as 
described previously (Symon, 1960). 

Red-cell labelling. Red cells were labelled by the method described by Mollison, Robinson 
& Hunter (1958) and suspended in 0:9 % NaCl solution to give a final activity of 10 yc/ml. 
Immediately before use 0-1—0-2 ml. of this solution was diluted to 0-5 ml. with 09% NaCl 
solution. When the labelled red cells were injected into the lingual artery an initial injection 
was made to assess the sensitivity. An appropriate activity was then selected and each 
subsequent lingual injection was of the same activity and volume. When injections were 
made into the vertebral artery, the activity and volume of injection was doubled. 

Perfusion technique. In order to confirm details of occlusion of the vessels, and to obtain 
information about the presence or absence of abnormality of the circle of Willis and areas 
to which the vascular supply had been reduced, the head was perfused at the end of each 


experiment with carmine gelatine, according to the method described for the dog (Symon, © 


1960). In the macaque, smaller volumes of perfusion fluid (600 ml., 3-8 % sodium citrate 


and carmine gelatine) were employed. 


RESULTS 


Injection of radioactive material into the cannulated lingual artery pro- 
duced a sharp deflexion of the recording pen with an average latency of 
0-4-0°6 sec. The duration of the deflexion reflects the period of transit of 
radioactive cells through the pial vessels and the cortex in the area of the 
counter. It was sustained for 6-25—8-75 sec, as compared to 9-13 sec in 
dogs (Symon, 1960). With repeated injections of a given activity, provided 
the speed and volume of injection remained the same, similar deflexions 
were produced in the recording system. The height of the deflexion was 
closely related to the activity injected. More accurate reproducibility was 
obtained in the macaque than had been possible in the dog, probably 
because the route of transit of the active material from cannula to cortex 
was directly via the internal carotid artery, whereas in the sei it, was less 

direct, via the arteria anastomotica. 


Occlusion of anterior and middle cerebral arteries 


With the counter in either of the positions shown in Text- -fig. 1, 
occlusion of the anterior cerebral artery produced little change in the form 
of the deflexion. Such an experiment is illustrated in Text-fig. 2. In a the 
deflexion is shown with the circulation intact, and in 6 after occlusion of 
the anterior cerebral artery by silver clip between 1 and 2 mm from its 
origin from the internal carotid artery. The latency of the deflexion remains, 
within the limits of the experiment, the same, although the deflexion rises 
to peak height more slowly, and is slightly prolonged. Similar slight changes 
are obtained, without occlusion of the anterior cerebral artery or other 
vascular interference, by repeated or forceful retraction of the brain or 
exposure of the basal vessels and freeing from the surrounding arachnoid. 


They probably represent minor alterations in the blood flow in pial vessels 


and cortex, not associated with any specific vascular occlusion. 
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Record ¢ was made after the middle cerebral artery had also been 
occluded by clip close to its origin. There was no residual carotid blood flow 
through the observed cortical area. Essentially the same result had been 
obtained in the dog; therefore in both species this area of cortex draws its 
normal carotid blood supply from the middle cerebral artery. 


Text-fig. 2. Records of radioactivity from the right frontoparietal cortex of a 
macaque. At each arrow, injection of **P-labelled red. cells was made into the 
lingual cannula: at a with the cerebral circulation intact, at b after occlusion of 
the right anterior cerebral artery, and at c after occlusion of right middle cerebral 
artery as well. Time marker in a, 5 sec. | 


After oeclusion of the middle cerebral artery the residual flow detected 


_ was found to vary with the conditions of the experiment. In seven animals 


in which the middle cerebral artery was occluded within 2 mm of its origin 
by a silver clip, the ipsilateral carotid artery was the only vessel exposed in 
the neck. In these animals little evidence of residual flow of ipsilateral 
carotid origin was detected in the area of cortex studied following an 
injection of radioactive cells into the ipsilateral carotid circulation within 
5 min of middle cerebral occlusion. An experiment to illustrate this result. 
is shown in Text-fig. 3. At a is shown the control deflexion with intracranial 
vessels intact, and at b the result following the injection of activity 4 min 
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after occlusion of the middle cerebral artery. There is no longer a deflexion, 
although the injection is followed by a slight but perceptible increase in 
rate of count, suggesting that the ipsilateral carotid flow has not com- 


pletely disappeared. 


Text-fig. 3. Records of radioactivity from the right frontoparietal cortex of a 
macaque. At each arrow, injection of **P-labelled red cells was made into the lingual 
cannula: at a with the cerebral circulation intact, and at b 4 min after occlusion of 
the right middle cerebral artery. Time marker in a, 5 sec. 


In four of these animals it was possible to follow the collateral circulation 


‘after middle cerebral occlusion for about 30 min, since the blood pressure 


remained constant throughout this period. The cortex and pial vessels 
were protected from drying and clotting with lintine strips soaked in 
warmed Locke’s solution. In three of these experiments, there was evidence 
that some collateral flow from the anterior cerebral artery developed 
following middle cerebral occlusion. In the fourth there was no such 
evidence, although the cortex and pial circulation were apparently in good 


condition. The result of one of the three experiments in which some col- 


lateral flow developed is illustrated in Text-fig. 4. The effects of lingual 
injection are shown at a, with the cerebral circulation intact, and at b and c, 
10 and 30 min after application of the middle cerebral clip. The slight 
increase in counting rate following injection in 6 is enhanced in c. Com- 


_ paring the count rate in the 10 sec period immediately following injection 


with that of a 10 sec background averaged over the previous half minute, 
there is an increase in counts over background of 64 % in b, and 130% inc. 
With the anterior cerebral artery also occluded, such a rise in the rate of 
count after injection is no longer seen (d). The period of observation was 
not extended for longer than 30 min because of the difficulty of keeping the 
preparation in good condition. It is therefore not possible to state whether 
full development of ipsilateral anterior cerebral collateral circulation had 
been reached. The experiments suggest, however, that in the half hour 
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following middle cerebral occlusion some change in the cerebral circulation 
occurred, so that a collateral flow from the anterior cerebral artery, which 
could hardly be detected soon after occlusion, became manifest. 


Text-fig. 4. Records of radioactivity from the right frontoparietal cortex of a 
macaque. At each arrow, injection of **P-labelled red cells was made into the 
lingual cannula: at a with the cerebral circulation intact, at b and c 10 and 30 min 
respectively after occlusion of the right middle cerebral artery, and at d after 
occlusion of the right anterior cerebral artery as well. Time marker in a, 5 sec. 


When occlusion of the middle cerebral artery was carried out after ~ 
ligation of both vertebral arteries, there was a much greater residual flow 
of ipsilateral carotid origin. In two experiments, the result of one of which 
is shown in Text-fig. 5, both vertebral arteries were ligated low in the neck 
close to their origin from the subclavian arteries, 2 hr before the dissection 
of the intracranial blood vessels. This procedure did not affect either blood 
pressure or respiration. In a is shown the effect of lingual injection before 
occlusion of the middle cerebral artery. The deflexion does not differ from 
that seen in corresponding experiments with the vertebral arteries intact. 
In 6 is shown the effect of lingual injection 4 min after the middle cerebral — 
artery had been clipped. The deflexion has an increased latency, a more 
gradual rise, a great reduction of peak height, and a slight prolongation. As 
is seen by comparison with Fig. 4, this residual flow is greater than when 
the vertebral arteries are intact. It must originate from the ipsilateral 
anterior cerebral artery, since after occlusion of this vessel, the lingual 
injection no longer produces a deflexion (c). 
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Text-fig. 5. Records of radioactivity from the right frontoparietal cortex of a 
macaque, in which both vertebral arteries had been ligated 2 hr previously. At each 
arrow, injection of **P-labelled red cells was made into the lingual cannula: at 
a with the intracranial circulation intact, at b 4 min after occlusion of the right. 
middle cerebral artery, and at c after occlusion of the right anterior cerebral artery — 
also. Time marker in a, 5 sec. 


There are two possible explanations of this increase in collateral flow: 


First, with the decrease in flow from the posterior cerebral artery con- 
sequent upon occlusion of the vertebral arteries a greater part of the cortical 


- field of the middle cerebral artery is supplied by the anterior cerebral artery 


after the middle cerebral artery has been occluded. 


Secondly, it is known that after occlusion of a main vessel in the neck, 
dilation of other vessels to the brain may occur (MacDonald & Potter, 
1950; Stenik, 1954). If this were to happen after occlusion of the vertebral 
arteries, a greater collateral flow from the anterior cerebral artery could 
be expected to occur into the field of the middle cerebral artery when it 


was subsequently occluded. 


Evidence of cross-flow from the contralateral carotid circulation. A special 


feature of the cerebral circulation in the macaque is the junction of the 


two anterior cerebral arteries in a common pericallosal artery. In order to 


assess any possible cross-flow from* the contralateral anterior cerebral | 
artery via the common pericallosal artery and leptomeningeal anastomosis — 
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into the field of the occluded middle cerebral artery, two animals were 
prepared with bilateral carotid dissection and cannulation of both lingual 
arteries. After the middle cerebral artery had been occluded, labelled red 
cells could be injected into the opposite lingual artery. 

The result of one such experiment is shown in Text-fig. 6. The effect of 
injection of active cells into the right lingual artery with the middle 
cerebral artery intact is seen at a, and 4 min after occlusion of the middle 


Text-fig. 6. Records of radioactivity from the right frontoparietal cortex of a 
macaque, in which both carotid sinus nerves were divided and both lingual arteries 
cannulated. At the arrows in a, b and ¢, injection of **P-labelled red cells was made 
into the right lingual cannula: in a with the cerebral circulation intact, in b 4 min 
after occlusion of the right middle cerebral artery, and in c after occlusion of the 
right anterior cerebral artery also. At the arrows in d and e, injection of **P-labelled 
red cells was made into the left lingual cannula: in d after right middle and anterior 
cerebral occlusion, and in e after division of leptomeningeal anastomotic vessels on 
the surface of the right hemisphere also. Time marker in a, 5 sec. 
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cerebral artery at b. Evidence of a definite collateral flow is shown by a 
delayed deflexion of lowered peak height. This collateral flow is greater 
than in the corresponding experiments in which only the ipsilateral 
carotid artery had been dissected in the neck. The difference may be 
accounted for by the fact that in these two preparations the arterial blood 
pressure is higher, owing to the section of both carotid-sinus nerves. 
Another possible factor is the extensive manipulation of the carotid artery 
involved in division of the carotid-sinus nerve, which tends to cause 
vascular spasm in the area of the carotid sinus. If this occurs only on the 
side of subsequent middle cerebral occlusion, the greater flow from the 
opposite carotid artery would obscure the collateral flow from the isilateral 
anterior cerebral artery to a greater extent than if such spasm were to 
affect both carotid arteries. 

As shown in Text-fig. 6c this residual flow must have its origin from the 
ipsilateral anterior cerebral artery, since it is abolished by occlusion of this 
vessel. An injection into the contralateral lingual cannula still produces 
a clear deflexion as shown in d. The deflexion of contralateral origin has 
about the same latency as that recorded after ipsilateral injection in b, but 
its peak height is appreciably greater. This suggests that following middle 
cerebral occlusion by clip on the right side some degree of vascular spasm 
has occurred in the right anterior cerebral artery, while the left anterior 
cerebral artery, which has not been exposed, remains unaffected. 

The residual collateral flow shown in d arises from the contralateral 
anterior cerebral artery, since it largely disappears when leptomeningeal 
anastomotic vessels between the pericallosal artery and the occluded middle 
cerebral artery are divided by a parasagittal incision into the cortex medial 
to the area of insertion of the counter, from the frontal pole backwards to 
the post-parietal region. Thereafter an injection of active cells into the 


contralateral lingual cannula no longer produces an obvious deflexion, as _ 


shown in e. 


Evidence of spasm in the basal vessels of the macaque 


Spasm in basal vessels in the macaque on mechanical stimulation has 
been reported by Harvey & Rasmussen (1951). In the experiments of the 
present series spasm was often observed with the naked eye during exposure 
and occlusion of the middle cerebral artery. This spasm involved the 
terminal part of the internal carotid artery and the first 4-5 mm of the 
course of the anterior and middle cerebral arteries. There was no apparent 
change in the vessels on the surface of the hemisphere: Even when no 
narrowing of the basal vessels could be seen with the naked eye, alterations — 
in the pattern of flow in the cortex following lingual injection could be 
observed, suggesting the presence of some spasm. | 
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Different degrees of this spasm were demonstrated in four animals as 
follows: A light spring clamp was applied for 5 min to the first few milli- 
metres of the middle cerebral artery, after the vessel had been freed from 
the overlying arachnoid. On removal of the clip the affected segment of 


Text-fig. 7. Records of radioactivity from the right frontoparietal cortex of a 
macaque. At each arrow injection of **P-labelled red cells was made into the 
lingual cannula: at a with the cerebral circulation intact, at b after application of 
a light spring clamp to the right middle cerebral artery, at c and d 10 and 30 min 
after removal of the clamp, and at e after occlusion of the right middle cerebral 
artery by silver clip. Time marker in a, 5 sec. 


the middle cerebral artery showed considerable ‘spasm’ in two, and lesser 
degrees of narrowing in the other two experiments. The result of one of the 
experiments in which appreciable narrowing occurred is shown in Text- 
fig. 7. The trace in a shows the effect of the control injection, after the 
middle cerebral artery had been freed from the arachnoid in the vicinity 
of its origin, and in b, with the light spring clamp applied to the vessel 


close to its origin from the internal carotid artery. There is little evidence 


| 
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of flow of ipsilateral carotid origin on injection of active cells. Incis shown — 
the activity on injection 10 min after the light clamp was removed. There 
is delay in arrival of activity and the peak height of the deflexion is 
decreased. This indicates a reduction in carotid flow through the area 
studied. Appreciable reduction in calibre of the middle cerebral artery in 
the area of the clip was still apparent on inspection of the vessel at this 
time. In d, half an hour after the removal of the clamp, the delay in arrival 
of activity is no longer evident, and peak height is greater than in the — 


Text-fig. 8. Records of radioactivity from the right frontoparietal cortex of a 
macaque. At each arrow injection of **P-labelled red cells was made into the 
lingual cannula: at a with the cerebral circulation intact, at b after application of a 
light spring clamp to the right middle cerebral artery, and at c 4 min after removal 
of the clamp. Time marker in a, 5 sec. 


control trace a. By this time no trace of narrowing in the area of the 


temporary clip was apparent. The significant increase in trace height in c 
as compared to the control may indicate that mobilization of the vessel 
alone, before the control record was taken had produced some degree of 
spasm in the middle cerebral artery, which had disappeared when record d 
was taken. Record e was taken 4 min after permanent occlusion of the 
middle cerebral artery by clip. All trace of flow has disappeared. 
Text-figure 8 is from one of the two experiments in which temporary 
occlusion of the middle cerebral artery had produced little visible spasm. 
In a is shown the control trace after mobilization of the vessel. Trace b was _ 
obtained with the spring clip in place; there is little evidence of collateral 
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vided by the results of the following two experiments. After the middle 


' deflexion at a was produced by injection into the lingual cannula. In 6 is 


_persal to which the injected activity is subject in its greater length of travel 
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flow of ipsilateral carotid origin. In c, some 4 min after removal of the clip, 
there is no delay in arrival of activity but some reduction in peak height. 
On inspection of the artery no definite narrowing could be seen at the site 
of the clip. 3 
In all experiments where spasm was noticed, it wore off, as evidenced by 
flow recording or inspection or both, in from 20—40 min, according to the 


degree. 
Injection of active cells into the vertebrobasilar circulation 
In the macaque monkey, as in the dog, occlusion of both anterior and 
middle cerebral arteries at their origin from the carotid does not result in 
cessation of flow in the small pial arteries on the surface of the hemisphere, 
since in this condition bleeding still occurs when a small pial artery 
is cut. A possible entry route for this slowed residual blood flow, other 
than from the proximal part of the contralateral anterior cerebral artery, 
is via the leptomeningeal collateral vessels “— the posterior cerebral 
artery. 
Evidence for collateral flow from the veatobeobadiiog circulation is pro- 


cerebral artery had been occluded, and carotid flow through the studied — 
area of the cortex largely abolished, the origin of the right vertebral artery 
was exposed by a combined cervico-axillary dissection, and a catheter 
threaded up from the axillary artery to enter and become impacted in the 
origin of the right vertebral artery, so as to inject active cells wsecsaieg into 
this vessel. 

The records of such an experiment are shown in Text-fig. 9. The 


shown the effect of lingual injection after the middle cerebral artery had 
been occluded some 30 min previously. Little carotid flow is occurring | 
through the area under study. The deflexion in c was produced by injection 
directly into the right vertebral artery 35 min after occlusion of the middle — 
cerebral artery. The activity was twice that injected into the lingual 
cannula, and the injected volume was also doubled. This was found neces- 
sary with vertebral injections in order to produce an adequately sharp and 
demonstrable peak deflexion, because of the increased dilution and dis- . 


between the thoracic inlet:and the cortex. The latency of the deflexion in 
¢ appears to be two or three times as great as that following the control 
lingual injection; the peak of the deflexion is delayed, the peak height is 
less than that produced by lingual injection of half the activity, and the 
whole deflexion, allowing for the increased volume injected, is appreciably 
prolonged. 
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This experiment indicates that appreciable collateral flow may occur 
in the lower part of the middle cerebral field from the vertebrobasilar circula- _ 
tion even when there is little evidence of collateral blood flow of carotid 
origin. The only possible route for this collateral flow is from the posterior 
cerebral artery via leptomeningeal anastomoses. Such collateral flow 
becomes increasingly difficult to demonstrate as the counter position is 
moved higher and. more medially in the hemisphere. 


Text-fig. 9. Records of radioactivity from the right frontoparietal cortex of a 
macaque. At the arrows in a and b injection of **P-labelled red cells was made into 
the lingual cannula: at a with the cerebral circulation intact, and at b 30 min after 
occlusion of the right middle cerebral artery. At the arrow in c twice the activity of 
82P-labelled red cells in twice the volume previously used was injected into the 
right vertebral artery. Time marker in a, 5 sec. — | 


Perfusion of the brain 


When the brain was perfused after occlusion of both the middle and 
anterior cerebral arteries by clip or diathermy, the intensity of perfusion 
of the parietal and temporal lobes, and of the insula was slightly reduced. 
The findings were similar to those in the dog. In the basal ganglia, how- 
ever, there were minor differences between the macaque and the dog which 
reflected the slightly different distribution of vessels within the deep nuclei 
in the two species, 

When the middle cerebral artery was occluded by clip, leaving its 


perforating branches distal to the clip intact, there was little difference in 


the intensity of perfusion of the basal ganglia between the operated and 
the non-operated side. On the other hand, when the middle cerebral artery 
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was occluded by diathermy, and excised as far as its proximal bifurcation, 
with occlusion of its central branches, certain areas within the basal ganglia 
failed to be perfused. As in the dog, the maximal reduction in intensity of 
perfusion was in the body and caudal part of the head of the caudate 
nucleus, and in the putamen of the lentiform nucleus, whereas the rostral 
part of the head of the caudate nucleus was perfused from the perforating 
branches of the anterior cerebral artery. In contrast to the findings in the 
dog, however, even after occlusion of the central branches of the middle 
cerebral artery there was good perfusion of the medial part of the globus 
pallidus, and of the tail of the caudate nucleus, and incomplete perfusion of 
the amygdaloid nucleus, structures which in the dog were not perfused 
under these conditions. The different origins of the anterior choroidal artery 
in the two species may account for this. In the dog the anterior choroidal 
artery is a branch of the proximal few millimeters of the middle cerebral 
artery, and is thus occluded in diathermy excision of this part of the middle 
cerebral artery, whereas in the macaque, the anterior choroidal artery 
springs directly from the internal carotid artery close to its termination, 
so that it is not occluded with the central branches of the middle cerebral 
artery supplying the major part of the basal ganglia. Therefore the tail of 
the caudate nucleus, the amygdala and the medial part of the globus 
pallidus, which are supplied by the anterior choroidal artery, are well 
perfused. These findings are illustrated in representative sections of a 
macaque brain in Pl. 1. The brain of the macaque shown in Pl. 1 was 
perfused after occlusion of the right anterior and middle cerebral arteries 
by clip at their origin, and diathermy excision of the middle cerebral 
artery from the clip to just short of its proximal bifurcation, with occlusion 
of its central branches. In section 1a the upper lateral part of the head of 
the right caudate nucleus is pale, while no significant differences are seen 
in the rest of the brain between operated and non-operated sides. In 
section 1b, cut more caudally, the rostral part of the lentiform nucleus and 
the body of the caudate nucleus on the operated side are not perfused. The 


_ medial part of the conjoined caudate and lentiform mass, rostral to the 
- lower part of the internal capsule is still perfused. In section 1c, more 


caudally still, the lentiformnucleus, the lateral part of the globus pallidus 
and the body of the caudate nucleus are not perfused on the operated side. 
Sections 1d, e and f, are cut progressively more caudally, and show that as 
the differentiation between globus pallidus and putamen becomes more 
apparent, the medial part of the right globus pallidus is well perfused. The 
increasing degree of perfusion of the body and tail of the right caudate 
nucleus, as one préceeds caudally, is also apparent., The amygdala is in- 
completely perfused, as is seen in sections 1d and e. The claustrum takes 
its blood supply from the middle cerebral artery via the most lateral group 

6 Physiol. 159 
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of perforating branches, which arise close to the proximal bifurcation of 
the middle cerebral itself and have not been occluded in this preparation. 
It is perfused on the operated side, as is seen in sections 1d, e and f. In the 
brain of a macaque perfused after occlusion of the middle and anterior 
cerebral arteries by clip only, no significant differences were apparent in 
the intensity of perfusion between the two sides. 

As in the dog, occlusion of the middle cerebral artery by clip or diathermy 
produced no differences in the intensity of perfusion of mid-line diencephalic 
or more caudal structures. 


DISCUSSION 


The demonstration that, within a few minutes of middle cerebral 
occlusion in the macaque, blood flow becomes established in the pial 
circulation within the field of the occluded artery is in agreement with the 
findings of Petersen & Evans (1937) and Meyer (1958), who demonstrated 
on microscopic observation a slowed but perceptible flow in these vessels 
after middle cerebral occlusion. The pattern of collateral circulation which 
develops in the macaque differs from that in the dog (Symon, 1960). In 
the latter species within a few minutes of middle cerebral occlusion free 
blood flow occurs into the field of the occluded vessel from the ipsilateral 
anterior cerebral artery. In the macaque there is as a rule little evidence 
of flow from the ipsilateral anterior cerebral artery into the territory of 
the occluded middle cerebral artery, collateral flow being established from 
other vessels. 

_A possible explanation for this species difference sinh be that there 
are fewer anastomotic connexions between the anterior and middle © 
cerebral arteries in the macaque than in the dog. Vander EKecken 
(1959) has pointed out that anastomoses between the two vessels become 
fewer and smaller with a more highly developed neopallium. However, 
this explanation alone is not sufficient. It does not account for the 
appreciable collateral flow from the ipsilateral anterior cerebral artery 
into the occluded middle cerebral fleld in the experiments in which the 
vertebral arteries had been ligated, or in those in which both carotid 
sinuses had been exposed and the carotid sinus nerves divided so as to 
make injections into either lingual artery. The explanations which have 
been put forward when describing the results of these experiments depend 
on the view that, in the pial circulation, the area of supply of each cerebral _ 
vessel may vary with variations in the pressure relationships between the 

_major cerebral arteries feeding into this network. After occlusion of the 
middle cerebral artery, the area supplied by the anterior and posterior 
cerebral arteries will expand to cover a proportion of the middle cerebral 
field, and the proportion taken over by each will depend on the pressure 
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and volume of flow available within its own field at the moment of 
occlusion. 

In the experiments in which both vertebral arteries were ligated intra- 
vascular pressure in the vertebrobasilar circulation was certainly reduced. 
The fact that the ligation has no effect on blood pressure or respiration 
shows that flow in the medullary part of the basilar artery must still con- 
tinue, either by way of the circle of Willis or by anastomoses in the inter- 
vertebral foramina between the vertebral arteries and muscular branches 


Text-fig. 10. Schematic diagram of the basal arteries of the macaque brain. I.C.A. 
Internal carotid artery. M.C.A. Middle cerebral artery. A.C.A. Anterior cerebral 
artery. P.C.A. Posterior cerebral artery. P.Com.A. Posterior communicating 
artery. P.A. Pericallosal artery. V.A. Vertebral artery. B.A. Basilar artery. The 
arrows indicate the leptomeningeal branches of the major cerebral arteries. 


in the neck. The fall in pressure in the posterior cerebral artery, however, 
might be sufficient for a greater flow of blood to occur from the ipsilateral | 
anterior cerebral artery into the occluded middle cerebral field. 
Vasodilatation following vertebral occlusion may also play a part in the 
appearance of the increased anterior cerebral collateral flow. Macdonald & 
Potter (1950) found considerable dilatation of the basilar artery in the 


rabbit after occlusion of both carotid arteries, and the Russian worker 


Stenik (1954) has shown also in the rabbit compensatory widening of the 
6-2 
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internal carotid, basilar and vertebral arteries at the base of the brain, 
after occlusion of the carotid and vertebral arteries in the neck. Meyer, 
Fang & Denny-Brown (1954) showed in the monkey dilatation within the 
pial circulation after occlusion of a major vessel in the neck. It is therefore 
possible that the increased anterior cerebral collateral flow which occurred 
in the present experiments, when the middle cerebral artery was occluded 
after bilateral vertebral ligation, resulted from dilatation either in the basal 
vessels of the circle of Willis or in leptomeningeal channels or in both. The 
alteration in the pattern of collateral flow in the territory of an occluded 
artery as a result of spasm in the vessels in the immediate vicinity of an 
occluding clip is readily understandable. In the present experiments, on 
clipping the middle cerebral artery, spasm of the origin of the ipsilateral 
anterior cerebral artery was often observed, which would reduce its 
capacity to take over a proportion of the middle cerebral field. This view is 
supported by the finding that the time course of development of collateral 
flow after permanent occlusion of the middle cerebral artery and the 
disappearance of spasm after its temporary occlusion were of the same 
order. The collateral flow of ipsilateral anterior cerebral origin developed 
within half an hour of middle cerebral occlusion, and the arterial spasm 
produced by temporary middle cerebral occlusion usually disappeared 
during a similar time. This duration of the spasm and the finding that it 
was localized to the vicinity of the occluding clip, and varied in intensity, 
is in agreement with previous descriptions of arterial spasm produced by | 
mechanical stimulation in the pial vessels and basilar artery (Florey, 1925) | 
and in the pial vessels on the surface of the hemisphere (Riser, Meriel & 
Planques, 1931; Echlin, 1942; Lende, 1960). 

The spasm produced in the present experiments was less severe than that 
observed by Harvey & Rasmussen (1951). In their experiments, spasm 
was so intense that the artery became ‘difficult to find’. Associated with 
this spasm they observed reduced pulsation in the superficial vessels of 
the hemisphere and they attributed this reduced pulsation to a peripheral 
propagation of the spasm; but it may well have resulted merely from the 
reduced pulse pressure which must have occurred distal to partial occlu- 


sion of the main vessel. This explanation appears to be more likely because | 


in the present experiments, as well as in those of Florey (1925), Echlin | 
(1942) and Lende (1960), the area of spasm produced by’ mechanical 
stimulation of cerebral vessels was always clearly demarcated. _ : 
The demonstration of collateral flow in the lower part of the middle 
cerebral field from the vertebrobasilar circulation after middle cerebra! 
occlusion indicates the .presence. of functioning anastomoses between 
carotid and vertebrobasilar circulations on the surface of the cerebral 
hemispheres, as well as in the circle of Willis. This finding is in agreement 
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with the vasodilatation seen in the border zone between middle and 


posterior cerebral arteries on the occipital pial surface in macaques 


following carotid or vertebral occlusion in the neck (Meyer ef al. 1954). 
From his angiographic studies in human beings, Potter (1959) has drawn 
attention to the possible importance of such collateral vessels from the 
basilar circulation in the collateral supply of the field of an occluded | 
middle cerebral artery. 

The present findings on perfusion of the macaque brain confirm the view 
that the perforating branches of the major cerebral vessels have few 
anastomotic connexions, in contrast to the surface branches of the same 
vessels. The areas not perfused after middle cerebral occlusion with 
diathermy obliteration of the central branches were different from those 
in dogs (Symon, 1960). This is accounted for by the different origin of the 
anterior choroidal artery in the two species. In the dog, as recorded by 
Rosomoff (1956), the origin of this vessel is from the proximal few milli- 
metres of the middle cerebral artery, whereas in the majority of sub- 
primates and primates it springs directly from the internal carotid artery 
(Abbie, 1934). | | 

Shellshear (1920) has pointed out that in primates the perforating 
branches which supply the claustrum arise separately from the striate 
branches of the middle cerebral artery, and some way lateral to them. In 
the present experiments it was often difficult to occlude the claustral 
branches without coagulation of the first cortical branches of the main 


vessel, which explains why the claustrum was often perfused. 


SUMMARY 


1. In the macaque the effect of occlusion of the middle cerebral artery 
on blood flow in the pial circulation has been examined by means of the 
technique, previously applied in the dog, of observation of the flow of 


_ radioactive red cells through an area of the middle cerebral field. 


2. After occlusion of the middle cerebral artery there is persistent blood 


- flow in the. middle cerebral field. 


3. Only a small proportion of this collateral tlaad flow comes from the 
ipsilateral anterior cerebral artery, the main contribution is made from the 
contralateral carotid circulation via the common pericallosal artery, and, 
in the lower part of the middle cerebral field, from the vertebrobasilar 
circulation. 

4. The fact that the contribution from the ipsilateral anterior cerebral 
artery was usually small is explained by two factors: the junction in the © 
macaque of the two anterior cerebral arteries in a common pericallosal 


_ artery, and the ready production of vascular spasm in the basal arteries 


of this species. 
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5. By a perfusion technique the poor collateral paresis supply within the 
basal ganglia has been confirmed. 
6. The findings are compared with those observed in dogs. 


This work was carried out during the tenure of a Clinical Research Fellowship from the 
Medical Research Council. The author wishes to express his thanks to Sir Charles Harington 
for facilities provided in the National Institute for Medical Research, and to Professor W. 
Feldberg for his interest and encouragement. 
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EXPLANATION OF PLATE 

PLATE 1 
Coronal sections of macaque brain after perfusion with carmine gelatine. In this experiment 
middle and anterior cerebral arteries were occluded at their origin by silver clips, and the 
middle cerebral artery occluded by diathermy from its origin to its proximal bifurcation. 
The area of insertion of the counter is visible in sections b, c and d, above the Sylvian 
fissure. The blackened areas in the temporal lobe in sections b~f are due to operative trauma. 
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Plate 1 


(Facing p. 86) 
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THE MECHANISMS BY WHICH DISTENSION OF THE LEFT 
ATRIUM PRODUCES DIURESIS IN ANAESTHETIZED DOGS 


By J. R. LEDSOME, R. J. LINDEN anp W. J. O°; CONNOR 
From the Department of Physiology, School of Medicine, University of Leeds 


(Received 1 May 1961) 


Recent reviewers primarily interested in renal (Smith, 1957) and cardio- 
vascular physiology (Neil, 1960) have accepted a theory that distension 
of the left atrium of the heart sets up afferent impulses in the vagus nerves 
which decrease the release of antidiuretic hormone from the neurohypo- 
physis, and so cause diuresis. The theory is within the general conception 
that the renal excretion of water and electrolytes is partly governed by 
the volume in some fluid compartment of the body. Support for this role. 
of atrial receptors has been derived from the experiments of Henry, Gauer 
& Reeves (1956), who found that in anaesthetized dogs inflation of a 
balloon in the left atrium caused an increase in urine flow with a time course 
and other characteristics which could be accounted for by a diminished 
_ release of antidiuretic hormone. The paper of Henry ef al. (1956) contains 
little evidence to support this interpretation. In view of the theoretical 
importance attached to them the experiments have been repeated and 
extended in this paper; whilst the main results are confirmed, the small 
and variable size of the response is emphasized and additional observations 
make untenable the explanation that the diuresis is due to decreased 
release of antidiuretic hormone. A preliminary account has already been 
published (Ledsome, Linden & O’Connor, 1961). : 


METHODS 


The experiments were carried out as described by Reeves, Henry & Gauer (1956). Dogs 
of 10-15 kg were given 15 mg morphine sulphate by subcutaneous injection and 1 hr later 
were anaesthetized by the intravenous infusion of 1% chloralose (British Drug Houses; 
10 ml. = 0-1 g/kg) in sodium chloride solution 0-6 g/100 ml, Subsequently during the 
experimental procedures a steady state of light anaesthesia was maintained by the infusion 
every 10 min of either 1 or 0-5 % chloralose, about 1 ml./kg. Each ureter was catheterized 
through a flank incision into the peritoneal cavity, and urine volume was measured every 
10 min (Henry et al. (1956) collected urine from a urethral catheter). With the animal 
under positive-pressure ventilation from a Starling ‘Ideal’ Pump, the chest was opened in 
the left fifth intercostal space, and a balloon inserted into the left atrium through the 
appendage in which it was secured by a ligature. The chest was closed, air expelled through | 

a drainage tube in the 7th intercostal space and normal respiration restored. The operative 
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procedures were completed in about 2} hr and 2 hr were then allowed to elapse before the 
first experimental tests. Rectal temperature was maintained between 37-5 and 38-5° C. 

In experiments in which one kidney was denervated the right kidney was approached 
through an incision 1 em below and parallel to the 12th rib. All fascial connexions were 
divided between ligatures, until the only attachments of the kidney were the blood vessels 
and the ureter. Obvious nerve trunks were severed, the vessels were stripped free of fascia 
and the ureter catheterized and divided below the catheter. 

The atrial balloon was made from a 2 cm length of the finger of a surgical glove tied over 
the end of a polyethylene tube of 2mm bore. A second polyethylene tube of 1 mm bore 
was tied alongside the atrial balloon for the measurement of mean left atrial pressure. The 
balloon was judged to be satisfactorily placed when it lay with its base included in the 
ligature around the tip of the atrial appendage. It was expanded at each test by 1 ml. 
saline/kg body weight, or less if the atrial pressure had already risen by about 20 cm H,O. 

Femoral arterial blood pressure and mean left atrial pressure were recorded by capacitance 
manometers operating ink writers; the frequency response of the channel recording femoral 
blood pressure was flat (+5%) to 20c/s. In some experiments respiration was recorded 
_ from a manometer connected to a cannula in the right pleural cavity or in the trachea. 

Vasopressin was infused through a cannula threaded through a femoral vein so that its 
tip lay in the inferior vena cava. A motor-driven syringe delivered 0-14 ml. of 0-9% NaCl 
solution/min to which was added vasopressin (Pitressin; Parke, Davis and Co, batch 
LZ 1094C or LY 258J) to give the stated rate of infusion. The batches of Pitressin used con- 
tained a mixture of lysine vasopressin and arginine vasopressin with the lysine vasopressin 
probably predominating (personal communication, Parke, Davis and Co.), and were 
labelled as containing 20 u./ml. of pressor activity. In this paper, 1 m-u. means 0-00005 ml. 
of Pitressin. | 

Urine was analysed for sodium and potassium by flame photometry, and for ammonium 
by the method of Conway (1957). Freezing-point depression was determined by means of 
a standard Beckmann thermometer graduated to 0-01° C and the osmolar content of the 
urine was calculated. pH was determined approximately by indicator papers. 


RESULTS 
Time course and size of the diuresis 


Figure 1 shows the result of an experiment similar to those illustrated 
by Henry et al. (1956), in which a balloon was inflated in the left atrium | 
and the inflation maintained for 30 min. In response to the obstruction 
produced by the balloon the mean pressure in the femoral artery fell 
20 mm Hg, there was a rise of 20cm H,O in mean left atrial pressure, 
heart rate rose by about 20 beats/min, and respiration increased by 
10 breaths/min. Urine volume from the two kidneys increased gradually 
from 0-3 ml./min to reach 1-9 ml./min after 30 min. 

To present the results of all experiments in which the balloon in the 
left atrium was inflated for 30 min the results are plotted in Fig. 2 in the 
form used by Henry et al. (1956); the mean rate of urine flow (ml./min) 
for the 40 min preceding the test and the 40 min following the diuresis 
(i.e. the mean of urines 1, 2, 3, 4, 9, 10, 11, 12 in Fig. 1) was regarded as 
the control rate, to be compared with the rate during the diuresis (i.e. mean 
of urines 6, 7, 8 in Fig. 1). Forty-two balloon inflations were made in 
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eighteen dogs. Figure 2 shows the results of twenty-four inflations in 
which the vagus nerves were intact and no infusion of vasopression was 
made. The continuous line separates two observations in which urine 


volume (ml./min) decreased, from twenty-two in which there was an 


increase. The interrupted lines separate nine observations when the urine 
volume during the diuresis was 1-2 times that during the control period, 


Balloon 
| 
(mm Hg) 80 | 
L.A.P, 20 | 
(cm H,O) | 
0 
(beats/min) 200 
Respiration 
20 


Urine vol. 
(mi./min) 4.9 


Time after operation (min) 


Fig. 1. Effect of inflating a balloon in the left atrium, for the 30 min indicated by 
_ the solid bar. From above downwards, femoral arterial pressure, left atrial 
pressure, heart rate, respiratory rate and urine volume. 


six observations 2—3 times, and seven observations more than 3 times the . 


control volume. The scatter is similar to that shown in the corresponding 


figure of Henry e¢ al. (1956). The small size of the diuresis is illustrated by 
the fact that on only two occasions did the urine volume exceed 2 ml./min 
compared with 6 ml./min usually attained during water diuresis in the 
conscious dog. 

During control periods mean left atrial pressure was between 0 and 17 cm 
H,0 and rose during the inflations by 12-32 cm H,O. Mean arterial blood 


_ pressure in the control periods was 75-145 mm Hg and fell during the 


obstruction of the left atrium by 0-30 mm Hg. The average mean fall in 


arterial pressure in the twenty-four experiments was 10 mm Hg (s.z.M. 


+ 1:3), The heart rate was between 75 and 200 beats/min and increased 
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during the inflations by 10-120 beats/min, the largest increases being on 
the occasions when the control rates were low. The respiratory rate was 
10-45 breaths/min and was increased by about 15 breaths/min. 


Urine volume during diuresis (ml./min) 


x3? 


Urine vol., control (ml./min) 


Fig. 2. Results of twenty-four balloon inflations in eighteen dogs. Urine volume 
during the diuresis compared with urine volume during the control periods. 
The interrupted lines indicate diuresis of two and three times the control values. 


The results in Fig. 2 leave no doubt that inflation of the balloon did 
produce a diuresis, but detailed examination of the response must be 
confined to examples where the diuresis was at least twice the resting flow. 
A smaller response (e.g. increase of urine flow from 0-4 to 0-7 ml./min) 


could not clearly 


be recognized against the variations within control 


periods, and description of its time course or of the changes in urinary 
composition was impossible. 

If inflation of the balloon in the left atrium was maintained for periods 
longer than 30 min the diuresis began to decrease despite the continued 
distension of the atrium. Figure 3 shows an experiment in which a balloon 
was inflated for 70 min. Urine volume increased to reach a maximum 


| 
| 
J 
2:0 
: 
if e 
er 
1-0 
© 
bas 
% 
4 
1:0 2:0 
tts 
BOS 
ite 
‘i | 
‘ 


ATRIAL DISTENSION AND DIURESIS 91 


after 50 min and thereafter decreased, although the high left atrial pressure, 
low arterial blood pressure and raised heart and respiratory rates were 
maintained, This was the most prolonged diuresis observed and on other 
occasions the diuresis began to fall off after 30-40 min; Henry et al. (1956) 
show a similar record. Thus Fig. 1 could be misleading 1 in that it might 
give the impression that obstruction of the left atrium caused the urine 
flow to rise to a paatens which would be maintained until the balloon was 
deflated. 


Balloon 


200 
Heart rate | 
(beats/min) 400 


Respiration 20 [ 
(breaths/min) 40 


20r- 


Urine vol. 
(mi./min) 10 


Time after operation (min) 


Fig. 3. Effect of inflating a balloon in the left atrium for 70 min; 
- conventions as in Fig. 1. 


To obtain a diuretic response to inflation of the balloon, Henry e¢ al. 
(1956) thought it necessary to have the chest closed and the animal 
breathing spontaneously, and this technique was followed in the experi- 
ments so far described. However, in each of four experiments in which 
the chest was left open and respiration maintained by positive-pressure 
ventilation, a diuretic response was obtained. Figure 7 shows such an 
experiment in which there were typical changes in arterial pressure, left 
atrial pressure, and heart rate, and a diuresis of four times the control 
level, artificial respiration being maintained constant at 18/min throughout. 

Henry et al. (1956) stated that at least 2 hr should elapse after the opera- 
tion before inflating the balloon, and usually we followed their practice. 
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However, diuresis has been observed on each of two occasions when a 
balloon was inflated within an hour of the operation; Fig. 7 illustrates this 
finding, the diuresis being produced 40-70 min after completion of the 
operation. 

Infusions of dog blood, plasma or dextran (6 g/100 ml. in NaCl eon 
0:9 g/100 ml.; ‘Dextraven’, Benger Laboratories Ltd.) were occasionally 


given during the experiments as supportive measures without enhancement 


of the diuretic response to balloon inflation, although Henry e¢ al. (1956) 
claimed that infusions of bovine albumin or dog blood did improve the 
response. However, transient increases in urine volume occurred without 
inflation of the balloon after seven out of eleven infusions, as in the example 
in Fig. 6. On three occasions a diuresis occurred spontaneously without 
obvious association with any experimental procedure. The time course 
and magnitude of these diureses was similar to the effects of inflation of 
the balloon in tne left atrium. 


Excretion of solutes 


Figure 4 shows the results of analysis of the urine from the right 


kidney. In response to inflation of a balloon in the left atrium, urine 
volume increased from 0-12 to 0-8 ml./min, an increase of about 6 times, 
whilst during the same period the excretion of the solid constituents in 
the urine increased by less than 70°; the concentration of the various 
solutes fell to about one fifth of the control values. Analysis for sodium 


and potassium was made in nine tests where the diuresis was 2—6 times the | 


contro! flow and showed similar small changes in the excretion of these 
substances. Total urine solutes were estimated by means of the freezing- 
point depression in five tests in which the urine volume during the diuresis 


rose to 3-5 times the control volume, whilst the excretion of the solutes 


only increased by 20%. The pH in the control periods was about 7-0, 


and was not altered during the diuresis; increases in ammonium excretion — 


were small in two experiments where this was examined. 


Effect of infusion of vasopressin i 
Figure 5 shows the effect of inflation of a balloon in the left atrium by 
exactly the usual procedure, but during an infusion of vasopressin. 


Infusion at a rate of 0-025 m-u./kg/min started 50 min before the test and 


continued until 30 min afterwards had no effect on urine volume and in 
no way modified the diuretic response, which was similar to the diureses in 
Fig. 5 when no vasopressin was infused. A diuretic response was observed 


on each of five occasions when a balloon was inflated during the infusion 


of 0-025 m-u./kg/min. Larger infusions of vasopressin of up to 0-1 m-u./ 


kg/min were also used. Figure 6 depicts the effects produced by me 
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balloon inflations made during infusion of vasopressin at a rate of 0-1 m-u. / 
kg/min. On each occasion a diuresis of about twice the control volume 
was obtained. Infusion at this rate was without obvious effect on control 
urine volume, left atrial pressure or arterial blood pressure. 


Balloon 
o 
0-07 0-02 0-05 
2 0-14 0-03 
x 
0-01 
2 
3 0-03 0-03 0-17 


Urine vol. 
(mi./min) 


i i i i i i 


120 


i. i i i i J 


180 240 
Time after operation (min) 

Fig. 4. Composition of urine and rates of excretion from right kidney during 

inflation of a balloon in the left atrium. From above downwards, urine solute 

excretion—total solute, ammonium, potassium and sodium—and urine volume 

(ml./min). Figures written above each line show urine concentration (M). 


Since it was uncertain whether the batches of Pitressin contained lysine 
or arginine vasopressin, they were tested on a conscious dog. Infusion at 
0-009 m-u./kg/min was begun and 400 ml. of water given by stomach tube 
5-10 min later. In the absence of vasopressin water diuresis always 
resulted but 0-009 m-u./kg/min of either batch of Pitressin was adequate 
to prevent the diuresis until after the infusion was ended. Thus the rate 
of infusion of vasopressin in Fig. 5 was at least 2-5 times and in Fig. 6 was 
10 times the rate needed to abolish water diuresis in the conscious dog. 


: Effect of vagotomy 
In eight tests on five dogs a balloon was inflated in the left.atrium after 
section of the vagus-nerves in the neck and no diuresis resulted in any of 
these tests (Fig. 7): In five of the tests there was a small fall in urine flow. 
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Vasopressin 
(0-025 m-u./kg/min) 
BP. 
mm H 
( 8) 100+ 
— — 
LAP. 40F 
(cm H,0O) 20+ 
| 
Urine vol. ' 
(mi./min) 1:0 
oak 


200 | 300 

Time after operation (min) 

Fig. 5. Diuresis produced by balloon inflation during infusion of vasopressin. 
Vasopressin infusion 0-025 m-u./kg/min was started 50 min before and continued 
until 30 min after the second inflation. From above downwards, femoral arterial 
pressure, left atrial pressure and urine volume. 


Vasopressin 


Vasopressin 
(0-1 m-u./kg/min) (0-1 m-u./kg/min) 
| Blood 75 mi. 
(mm Hg) ‘ : 
‘ ‘ 
100: 
LAR 
7 
Urine vol. 
(mi./min) 1°0F 
! 


Time after operation (min) 
Fig. 6. Two balloon inflations during infusion of vasopressin 0-1 m-u./kg/min. 


Conventions as in Fig. 5. A diuresis following an infusion of 75 ml. of dog blood is 
also shown. 
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The balloon was inflated at times varying from 40 min to 4hr after 
vagotomy; in two experiments the vagi were cut immediately after the 
operation, whereas in three (e.g. Fig. 7) a typical diuresis was elicited in 
a test inflation before the vagi were cut. When the dog was breathing 
naturally vagotomy caused changes in the rate and depth of respiration; 
in Fig. 7 the experiment was under positive-pressure artificial ventilation 
which was maintained unchanged throughout. Heart rate was high after 
vagotomy and did not change when the balloon was inflated, but changes 
in left atrial pressure and femoral arterial pressure were similar to those 
seen during the test before vagotomy. 


Balloon Vagi cut Balloon 
B.P. 130 


20 
L.A.P. 
(cm H20) 


0 
| 200 
Heart rate 
15 
Urine vol. 4-0 
(ml./min) 


0:5 


i i i i i i i i i i i i i i i i i i i i i RE 


40 120 200 
Time after operation (min) 


Fig. 7. The effect of balloon inflation before and after section of the vagus nerves. 
From above downwards, femoral arterial pressure, left atrial pressure, heart rate 
and urine volume. In this animal the chest was open and positive-pressure 
artificial ventilation was maintained unchanged throughout. Vagi cut at time 
marked by the arrow. 


: . Effect of denervation of a kidney 
The right kidney was denervated in four dogs and 3-5 hr later, when 
urine flow from both kidneys was steady, a balloon was inflated in the 
left atrium. Figure 8 shows the result of one experiment. During the 
control period urine volume from the denervated kidney was about 50% 
greater than from the intact kidney, and when the balloon was inflated 
the urine volume doubled in both kidneys. The typical diuresis was also 
produced in a denervated kidney in each of the three other experiments. 
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Balloon 


20 
L.A.P. 
(cm 
10 
06 
Urine vol. 9:4 
02- 


Time after operation (min) 


- Fig. 8. Effect of balloon inflation on a denervated kidney. From above downwards, 
femoral arterial pressure, left atrial pressure and urine volume. urine volume 
from denervated (R) kidney; ----- urine volume from innervated. (L) kidney. 
Chest open and positive-pressure artificial ventilation maintained unchanged 
throughout. 


DISCUSSION 


The main experimental finding of Henry et al. (1956) has been confirmed ; 
obstruction of the left atrium in dogs under chloralose anaesthesia pro- 
duced an increased flow of urine. The diuresis was transient, and small 
when compared to water diuresis in conscious dogs, and it was never 
possible to predict from the heart and respiration rates, arterial and left 
atrial pressures recorded during the control periods whether the effect of 
inflating the balloon would be comparatively large or virtually absent. 
Technical procedures mentioned by Henry et al. (1956) as likely to ensure 
a good response proved unreliable and no way was found of obtaining 
consistent responses. However, despite the occasional spontaneous — 
diuresis the results in Fig. 2 were sufficient to establish that inflation of the 
balloon did produce a diuresis, but its size and variability made detailed 
investigations difficult and attempts to explain the mechanisms involved 
must be largely speculative. 

Henry et al. (1956) and Henry & Pearce (1956) suggest that the first 
stage in the mechanism is the stimulation of receptors in the left atrium. 
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The existence of receptors stimulated by distension of the intrathoracic — 
parts of the circulation is now well established, and in the dog they have 
been found in the pulmonary arteries (Coleridge & Kidd, 1960) and at the 
junctions of the venae cavae and pulmonary veins with theatria (Coleridge, 
Hemingway, Holmes & Linden, 1957). Receptors in the pulmonary arteries 
and left atrium presumably discharged more frequently when a balloon 
was inflated to obstruct the mitral opening; Henry & Pearce (1956) 


_ recorded the discharge from a receptor in the left atrium. Also Henry & 


Pearce (1956) observed no diuresis when the left atrium was obstructed 
with the vagi blocked by cold, and we were unable to produce a diuretic 
response to balloon inflation after vagal section (Fig. 7). However, section 
of the vagi involves the interruption of many different efferent and afferent 
nerve fibres and cannot be regarded as merely interrupting the afferent 
limb of a specific reflex. Section of the vagi produces a very great disturbance 
of circulation and respiration and absence of the diuresis might be due to 
such general effects rather than the loss of the afferent impulses from intra- 
thoracic receptors. Since we could not define circumstances under which 
the response appeared, it is impossible to say whether the general state 
of the animal after vagotomy was or was not such that diuresis would be 
expected. Thus it is possible that increased discharge from intrathoracic 
receptors is a necessary part of the sequence by which obstruction of the 
left atrium produces diuresis, but no real evidence either for or against such 
a hypothesis has yet been presented. 

Whether the mechanism is a reflex with its afferent fibres in the vagi 
or the diuresis is produced by some other mechanism, some agent must 
eventually reach and act on the kidney to produce the increase in the 
ucine flow. Two possibilities appear to be excluded by our experiments. 
First, the diuresis occurred in the denervated kidney (Fig. 8) and therefore 
was not due to changes in the activity of the renal nerves. Secondly, the — 
diuresis occurred during infusions of vasopressin (Figs. 5, 6), and therefore 
was not due to decreased release of antidiuretic hormone of the neuro- 
hypophysis. The characteristics of the urine in Fig. 4 do not match the 
effects of any of the agents known to have important effects on the volume 
and composition of the urine (O’Connor, 1961). If the diuresis were due. 
to dilution of plasma protein or increased renal blood flow, a greater 
increase in sodium excretion would be expected. If it were an osmotic | 
diuresis the excretion of osmotically active solutes should increase nearly 
in proportion to the increase in urine volume. If a large amount of an 
organic anion entered the plasma and was excreted in the urine then the 
urine would become acid and contain ammonium. The time course and 
nature of the diuresis is unlike any effect to be expected from an altered 
rate of release of adrenal cortical steroids. The usual effect of increased 
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release of adrenaline or noradrenaline is decreased urine flow and decreased 
excretion of sodium (O’Connor, 1961). Thus the agent acting on the kidney 
to produce the effect of Fig. 4 cannot be recognized by the characteristics 
of the urine. However, it should be realized that the diuresis in the experi- 
ments of this paper was small, transient and in animals under chloralose 


anaesthesia subjected to a severe operation. The urinary effects of the 


agents known to act on the kidney (O’Connor, 1961) have been described 
from experiments in which large effects persist in conscious animals; 
comparison between the two types of experiments may be misleading. 

When the experiments of Henry et al. (1956) are cited in the literature 
on volume receptors, it is usually assumed that the diuresis is due to a 
decreased release of antidiuretic hormone from the neurohypophysis. 
Henry et al. (1956) offered no evidence for this suggestion, which is based 
on a comparison with a somewhat similar diuresis produced by breathing 
from a reservoir containing air at pressure less than atmospheric (Gauer, 
Henry, Sieker & Wendt, 1954; Sieker, Gauer & Henry, 1954). Our finding 
that the diuresis occurs during infusion of vasopressin is in obvious conflict 
with the accepted explanation, and a detailed discussion of the evidence 
concerning the activity of the neurohypophysis in dogs under chloralose 
anaesthesia therefore seems necessary. 

Theobald (1934) gave to dogs by stomach tube anaesthetic doses of 
chloralose dissolved in 300 ml. of water. The animals ‘fell asleep’ during 
the course of the water diuresis and the diuresis could be inhibited by 
intravenous injection of the same doses of vasopressin as inhibit water 
diuresis in the conscious animal. Apparently immediately after induction 
of chloralose anaesthesia there is no abnormal release of antidiuretic 
hormone from the neurohypophysis, and the kidney tubules respond 
normally to vasopressin. The conditions in our experiments were very 
different in that chloralose anaesthesia had been maintained for at 


_ least 3 hr and a major surgical operation carried out. Water, injected 


intravenously or given by stomach tube to these animals, did not produce 
water diuresis and Verney (1929) found that under similar conditions water 
was absorbed from the stomach but no diuresis resulted. In experiments 
like those of this paper Baisset, Douste-Blazy, Montastruc & Valdiguié 
(1957) describe antidiuretic activity in extracts of jugular-vein blood, 
assayed as equal to 0-4 m-u. vasopressin/ml. serum, which would indicate 
the release of about 40 m-u./min, as compared to the release in normal 
conscious dogs of about 0-1 m-u./min (Verney, 1947): premedication with 
morphine might cause some release of antidiuretic hormone (Duke, 


Pickford & Watt, 1951). Eisen & Lewis (1954) indicate that antidiuretic 


hormone may be released during operations in human subjects and it was 


for this reason that Henry e¢ al. (1956) waited 2-4 hr after completion of 
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the operation before testing the effect of inflating the balloon in the left 
atrium; we have obtained the diuresis only 40 min after the operation 
(Fig. 7). It is not clear whether water diuresis fails to occur under these 
conditions because of a continual release of antidiuretic hormone or some 
other substance or because of some defect in the kidney itself. Chloralose 
in conjugated form is excreted in the urine (Kochman, 1923) and may well 
affect the tubular cells; in our experiments the urine contained a reducing 
substance which, with Benedict’s quantitative reagent, did not give the 
colour change characteristic of glucose. Since water diuresis cannot be 
established under the conditions of our experiments it is impossible to 
test whether the kidneys respond normally to injections of vasopressin 
and there is no standard by which to assess the effective dose. The diuresis 


_ caused by obstruction of the left atrium occurred during infusion of vaso- 


pressin at 10 times the rate needed to stop water diuresis in conscious 
animals and is therefore not produced by any normal function of the — 
neurohypophysis. If the neurophypophysis is part of the mechanism pro- 
ducing diuresis in the experiments in Figs. 5 and 6, the sensitivity of the 
kidney to antidiuretic hormone must also be abnormal, and the effect is 
so far removed from normal function of the neurdhypophysis as to have 
no relevance in the study of the normal control of urinary volume. 

The experiments of Henry ef al. (1956) are not usually cited as evidence 


_ for the general theory of the control of urinary volume by volume receptors. 


Henry e¢ al. (1956) carried out their experiments because study of the effects 
in dogs and man of breathing from a reservoir at pressure less than atmo- 
spheric had convinced them that intrathoracic volume receptors did produce 
inhibition of the neurohypophysis and so diuresis, and their object was to — 
determine the site of the receptors. Discussion in this paper of the experi- 
ments of Henry et al. (1956) certainly indicates that they can have no 
general application until the causative mechanisms can be elucidated, and 
they should not be used in interpreting the effects of negative-pressure _ 
ventilation or other procedures which affect urine flow. Likewise this 
paper provides no direct evidence which denies either the general con- 
ception of volume receptors or the interpretation of the effects of negative- 
pressure ventilation as due to inhibition of the neurohypophysis; these 
ideas can be criticized on other grounds (O’Connor, 1961). 


SUMMARY 


1. In confirmation of the findings of Henry e¢ al. (1956), distension of 
the left atrium of dogs under light chloralose anaesthesia produced a 


diuresis which was small, transient and variable in size. 


2. During the diuresis there was at most a small increase in the excretion 
of sodium, potassium or total urinary solutes. 
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3. Diuresis was produced on balloon inflation after renal denervation. 

4, The diuresis was also produced during infusion of vasopressin at a 
rate adequate to inhibit water diuresis in the conscious dog. 

5. The diuresis did not occur after section of the vagus nerves. 

6. The mechanisms involved cannot be satisfactorily — 


We wish to thank Mr J. Brook for his excellent technical assistance. 
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THE RETURN OF BLOOD FLOW TO FINGERS IN ICE-WATER 
AFTER SUPPRESSION BY ADRENALINE 
OR NORADRENALINE 


By W. R. KEATINGE 
From the Department of Experimental M edicine, University of Cambridge 


(Received 1 May 1961) 


Cold vasodilatation, the appearance of a high blood flow in a part of the 
body some minutes after it has been cooled to near freezing-point, has been 
attributed to axon reflexes alone (Lewis, 1930; Celander & Folkow, 1953). 
However, Greenfield, Shepherd & Whelan (1951) observed the dilatation 
in denervated fingers and Duff, Greenfield, Shepherd, Thompson & Whelan 
(1953) failed to obtain evidence that acetylcholine or histamine were 
responsible for it. The fact that isolated arteries ceased to respond to con- 
strictor drugs when cooled to near freezing-point (Keatinge, 1958) sug- 
gested that a direct effect of low temperature on blood vessels might be a 
major cause of cold vasodilatation. The present experiments were there- 
fore made to show whether the resistance blood vessels of human fingers, 
after being constricted by adrenaline or noradrenaline when warm, would 
maintain the constriction when cooled to 0° C. A preliminary communica- 
tion of these findings has been published (Keatinge, 1961). 


METHODS 


Subjects and experimental conditions. The subjects were healthy men and women, aged 
between 18 and 32, who volunteered for the experiments. All experiments were made on 
index fingers, the left always being used for iontophoresis and the right as the control. They 
were made in a room maintained either at 31-32 or 33-34° C by thermostatically controlled 
electric heating elements fitted to a fan. Humidity was kept high by a tank of water (surface 
area 3-5 m*) at 40° C in the room. ; 

Procedure.. The subject sat for 20 min in the experimental room, after which measure- 
ments of heat flow were generally made on both index fingers in water at 30° C. One or more 
periods of iontophoresis were then carried out, each followed by a determination of heat 
flow with the finger in water at 30° C. The fingers were then dipped into water at 37° C for 
6 min to bring them both to the same temperature, and were then dipped up to the middle of 
the proximal phalanx in a mixture of ice and water which was stirred mechanically in an 
insulated circular container to keep it flowing steadily past the fingers. During the immersions 
in ice-water, readings of heat flow were made every 30 sec until the flow returned and every 
60 sec thereafter. Further readings were made in water at 30° C in a number of subjects. 
In all experiments the subjects were seated with their hands 40-45 cm below the sterna 
angle, 
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Iontophoresis. The solution of adrenaline used for iontophoresis contained adrenaline free 
base (British Drug Houses, Ltd.) 4 %, titrated to pH 4-5 against phosphoric acid. It was made 
up by weighing 2 g of adrenaline, suspending this in 46 ml. of distilled water, and running in 
20 % phosphoric acid at a room temperature of 22-—24° C until the adrenaline had dissolved. 
Its pH, measured by a Cambridge Instrument Company pH meter (Portable Bench Type) 
and a glass electrode, was then adjusted to 4-5+0-1 by running in first 20% and then 5% 
phosphoric acid. The final solution was found to contain less than 0-05 m-equiv of Nat 
or Cl- ions and less than 0-005 m-equiv of K+. The solution of noradrenaline contained nor- 
adrenaline bitartrate (‘Levophed’, Bayer) 4% and was made by dissolving 2 g of the drug 
in 48 ml. of distilled water. It had a pH of approximately 3-15. 

During iontophoresis the left index finger, previously washed with alcohol, soap and 
water, was dipped up to the middle of the second phalanx into the solution, which was at 
room temperature. An electrode was placed in contact with the left forearm through a pad 
of cotton wool soaked in saline, and a current was passed from the solution to the electrode. 
This current was adjusted to 2mA by tapping an e.m.f. from a 75 V dry cell by a slide 
resistance. The current was raised to its full value in 10-15 sec at the beginning of each period 
of iontophoresis, and lowered to zero in the same time at the end. A rubber tourniquet was 
clipped round the base of the finger during the first 20 min of iontophoresis on each occasion 
to prevent the drug from being carried away rapidly during this time, before the blood flow 
was largely suppressed by the drug. The surface area of the part of W.R.K’s finger exposed 
to iontophoresis was measured by rolling it on graph paper and was found to be 16 cm? 


giving a current density of 0-125 mA/cm*. The surface area of his eeneeret pa enngeeed the elbow 


and wrist, was found to be 415 cm?. 


Blood flow was assessed by individually calibrated heat-flow disks (Hatfield, 1950). One 


was stuck by Nobecutane (Evans) to the pad of each index finger and supported by a rubber 
band. The e.m.f. from each was led to a switch by which each could be connected through 
@ resistance ‘to a galvanometer. Rates of heat flow are expressed in relation to the tem- 
perature difference between the water in which the finger was dipped and the sublingual 
temperature, in order to facilitate comparison of results obtained at different water tem- 

peratures. The galvanometer could be read to 0-1 mm; this represented a heat flow of 
approximately 0-0002 cal.cm-*. min-!.° C~! temperature gradient with the finger in water at 
30° C and approximately 0-00004 cal.cm-*.min-!.°C~ with the finger in water at 0° C, When 
low flows were measured the zero position of the galvanometer was checked before every 
reading by breaking the connexion between disk and galvanometer briefly with a 2-pole 
switch. To measure some of the higher heat flows reached by control fingers in ice-water it 
was necessary to reduce the sensitivity of the system by switching in an additional series 
resistance. Sublingual temperature was measured by a mercury thermometer accurate to 
0-05° C which was kept under the tongue, with the mouth closed, for 90 sec before taking a 
reading. The sublingual reading used in this calculation was taken within 1-2 min of heat- 


flow readings from fingers in warm water, but often at longer periods from the repeated 


readings taken in ice-water, when the gradient was large and small changes in sublingual 
temperature were of correspondingly little importance in assessing heat flow per degree 
centigrade temperature gradient. Except in ice-water immersions, when readings were taken 
at short intervals, heat-flow readings were taken only when a steady rate of heat flow had 
been reached, which was generally 8-10 min after the finger was dipped into water at a 
given temperature. 


RESULTS 

Figure 1 shows the effect of iontophoresis with adrenaline on ths blood 
flow in a man’s finger. Before iontophoresis the rates of heat loss from 
his right and left index fingers in water at 30° C were very similar. Ionto- 
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phoresis for 10 min reduced the blood flow in his left index finger by more 
than a half, but further iontophoresis reduced it more slowly, a total of 
70 min of iontophoresis being required to reduce the flow to a negligible 
level. This iontophoresis to the left index finger also slightly reduced the 
flow in the right. Radiant heat directed on the subject for 10 min, at the 


end of which he was sweating profusely, did not restore any substantial flow 


to the left index finger, although it slightly increased the flow in the right. 


Adrenaline iontophoresis 


Radiant heat 


° 


Heat loss (cal. cm~?. min™'. 


0 50 100 150 
Time (min) 
Fig. 1. The effect of iontophoresis of adrenaline on finger blood flow. Room at 
_ 33-34° C, finger in water at 30°C. Subject W. a K. — Finger exposed to ionto- 
phoresis; control finger. 


0 


Figure 2 shows the effect of il cckebaila with noradrenaline on the 
blood flow in another subject’s finger. Seventy minutes iontophoresis to 
the left finger was required to reduce the blood flow in it to a low level, and 
the procedure only slightly reduced the blood flow in the right index 
finger. Radiant heat again failed to cause any substantial return of blood 
flow to the finger exposed to iontophoresis. 

Table 1 summarizes the results of fourteen such experiments. In eight 
of them heat flow in the experimental finger was reduced by iontophoresis 
to a really low level, arbitrarily set at 0-003 cal.cm-*.min-!.°C-1. At 
the end of iontophoresis in these eight experiments the mean flow in the 
left index finger was only 0-0008 cal.cm-?. min-!.° C-1, less than 1% of 
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Noradrenaline iontophoresis 


Radiant heat 

0-10 
U 
E 

0-05 
8 
3 
<= 

0 4 —— | 
50 100° 150 
Time (min) 


Fig. 2. The effect of iontophoresis of noradrenaline on finger blood flow. Room at 
33-34° C, finger in water at 30°C. Subject J.A. Symbols as in Fig. 1. 


iene 1. Effect of cetopnene on blood flow in index finger; iontophoresis current 2 mA; 


finger in water at 30 °C 
After completion of iontophoresis 
Period of A. 
iontophoresis Heat loss 
needed to (cal.cm~*.min-?.° C-1) 
reduce heat Total - A 
loss below period Finger Sub- 
0-003 cal. of subjected i Room 
em~*, ionto- toionto- Control temper- tempera- 
C-* temp. phoresis phoresis finger ature ture 
Subject Sex Drug gradient (min) (min) (left) (right) (°C) (°C) 
A.M. M | Not known 70 0-018 0-060 37-35 
= A 10-30 70 0-0011 0-079 37°35 
; ‘ Not known 70 0-027 0-110 37-20 7 
Fy Adrenaline 10-30 70 0-0002 0066 37-40, 
H. ¥ Not known 25 0-012 0-098 37-65 
MM Not known 25 0-045 0-106 37°10 
5S. M Not known 25 0-072 0-091 37-30 
5-25 25 0-0011 0-089 37-70 
.8. F; Adrenaline 10-20 20 0-0004 0-092 37-35 
H. 30-45 45 0-0009 0-100 37-45 | 
.R.K. M 40-70 70 0-0004 0-098 37:35 | 
A. F 50-70 70 0-0021 0-100 37°70 
tf F| Noradrenaline { Not known 95 0-010 0-063 36-80 
:R.K. M 90 90 0-000 0-120 37-30” 
Mean of the 8 experiments in . $8 57-5 0-0008 0-093 37:50 
which heat flow was reduced | 


below 0-003 cal.em-?.min-!. 
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radiant heat directed on the subject for 10-30 min never raised the flow 
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the flow in the control fingers. In the case of adrenaline, 30 min or less of 
iontophoresis was sufficient to reduce the flow below 0-003 cal.em-. 


- min~!,° C-* in four women out of five, but in two men 30-70 min ionto- 


phoresis was required to suppress the flow and in two others 70 min 
iontophoresis was insufficient. With noradrenaline, a longer period of 
iontophoresis was required to suppress the flow in J.A.’s and W.R.K.’s 
fingers thfin was needed with adrenaline. When the flow had been reduced 
below 0-003 cal.cm~*.min-?.° C-! by iontophoresis with either drug 


in the finger exposed to iontophoresis to more than this level. 


0:10 


2 min 


0-05 


Heat loss (cal . cm 


0 10 30 
Time (min) 


_ Fig. 3. The return of blood flow to finger in ice-water, after suppression by ionto- 
phoresis of adrenaline.-Room at 33-34° C. Subject W.R.K. Symbols as in Fig. 1. 


Tremor, weakness, and pounding of the heart were generally observed 
after 30 min iontophoresis with either drug, and were always observed if 
the iontophoresis was more prolonged. In the finger there was always 
tingling and some pain during iontophoresis. The pain became worse as — 
iontophoresis proceeded, but was never really severe. 

Figure 3 shows. the effect of immersing a man’s index fingers in. ice- 
water after the flow in one of them had been suppressed by adrenaline. 
For 5 min after they were immersed the heat loss from both fingers fell off 
steadily; it then rose abruptly to a high level in the control finger and 
remained high. In the finger exposed to iontophoresis the heat loss 
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continued to fall for a further 3-5 min, when it began to rise. It rose more 
slowly than that of the control finger had done, reached about half the 
highest level reached by the control finger, and then fell to, and became 
stabilized at, about a third of the level of the control Suge: Figure 4 shows 
that a similar pattern of flow developed in a woman’s fingers in ice-water 
after the flow in one of them had been suppressed by noradrenaline. The 
only difference was that the blood flow in her control finger twice fell 
sharply, though briefly, after it had reached a high level. 


0-10r 

U 

§ 0-05) 

| 


0 10 20 30 40 
Time (min) 


Fig. 4. The return of blood flow to finger in ice-water after suppression by ionto- 
phoresis of noradrenaline. Room at 33-34° C. Subject J.A. Symbols as in Fig. 1. 


Table 2 summarizes. the results of immersing fingers exposed to ionto- 
phoresis and control fingers in ice-water. When the blood flow had been 
adequately suppressed by iontophoresis it always returned later in the 
finger exposed to iontophoresis than in the control finger, 3-7 min later on 
average. A high flow always returned in ice-water, 40% of the.control on 
average, except in J.S. in whom the flow still rose tenfold as compared to 
the flow at 30°C. The patterns of response shown in Figs. 3 and 4 for 
fingers exposed to iontophoresis and control fingers were followed closely 
by 6 of the 8 subjects in whom the flow had been adequately suppressed. 
The two exceptions were the adrenaline experiments on J.A. and J.S., in 
which the flow in the fingers exposed to iontophoresis fluctuated slowly up 
and down in ice-water instead of becoming stabilized; these were the only 
experiments in which iontophoresis had been continued substantially 
longer (Table 1) than was required to suppress the flow. 

Both fingers exposed to iontophoresis and control fingers became very 
painful when they were immersed in ice-water. The pain then decreased 
and, in fingers exposed to iontophoresis in which flow had been suppressed, 
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TABLE 2. Return of blood flow to index fingers immersed in ice-water 


after iontophoresis | 
Highest flow reached 
| Onset of vasodilatation (cal.cm-?.min-!.° C-1 
(min after immersion) temp. gradient) 
| Finger ‘Finger 
to ——_—— Control to Control temperature 
Subject - Drug iontophoresis - finger iontophoresis finger (C) 
A.M 2-0 0-036 0-107 
R.B 1; 0-050 0-127 
1-5 0-002 0-047 31-32 
P.H §0 26 ., 0-047 0-090 
) 6-5 3°5 0-020 0-093 
9-0 0-065 0-097 
M.W | 8-0 5-0 0-027 0-098 
M.S Adrenaline 11-0 3°5 0-010 0-093 
J.H 7-0 0-054 0-094 33-34 
W.R.K. a 8-5 5-0 0-055 0-122 
J.A. f 8-0 6-0 0-049 0-103 
8.P. | Noradrenatine 8-0 0-048 0-060 
W.R.K 8-0 0-059 
Mean of the 8 experiments 8-6 4-9 0-036 0-90 -- 
in which flow had been 
reduced below 0-003 cal. 
em~*.min-'.° C by ionto- 
phoresis* 
* See Table 1. 


pain had disappeared by the time the blood flow began to return. The 
finger at this time was insensitive both to touch and to hard pressure. As 
| the flow returned, the pain reappeared for a time, and receded or ceased 
when a steady flow was reached. The finger generally became painful 
again for a few minutes when it was removed from the ice-water and re- 
warmed. A similar pattern of sensory changes was observed in control 
fingers, except that sensation in them had generally not disappeared before 
blood flow returned in the ice-water. 
Heat-flow readings in water at 30° C were made on the fingers of some 
subjects 10 min after the fingers were removed from ice water. In adrena- 
line experiments the heat flow from the index fingers of J.A. J.S. and 
M.W. at this time were all less than 0-003 cal.cm-*.min-!.° C-1, In the 
noradrenaline experiment on W.R.K.’s finger the heat flow was 0-006 
cal.cm-?,min-!.° C-! at this time. In adrenaline experiments fingers 
‘ always remained cold and numb for 12-24 hr after iontophoresis and then 
recovered slowly. After noradrenaline the coldness and numbness were 
less marked and largely wore off in 1-2 hr. The numbness at the tip of the 
finger, which was severe after adrenaline, could be relieved temporarily 


by swinging the arm vigorously. 
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DISCUSSION 


The blood vessels in these fingers dilated when they were cooled to near 
freezing-point, even in the presence of enough adrenaline or noradrenaline 
to suppress the blood flow at higher temperatures. Since sensation had 
disappeared from the fingers exposed to iontophoresis before the blood 
flow returned to them, their sensory nerves had apparently ceased to 
function. The dilatation is therefore unlikely to have been initiated by axon 
reflexes. The fact that blood flow returned under these conditions, in the 
presence of the constrictor hormones, supports the view that the response 
of the resistance vessels of the finger to the hormones was impaired or lost 
at near freezing-point. The impairment may have been severe in spite of 
the fact that the peak flows reached by fingers exposed to iontophoresis in 
ice-water were less than those reached by control fingers; the deeper 
vessels in them must have been warmed and would regain their ability to 


respond as the blood flow returned. The earlier observation (Keatinge, _ 


1957) that intramuscular injections of adrenaline failed to suppress cold 
vasodilatation in the fingers of generally chilled men also suggested that 
human digital blood vessels responded little if at all, to adrenaline at near 
0° C. However, it was uncertain whether adrenaline then reached the digital 


vessels in effective quantities; there was no doubt that the drugs did reach 


the vessels, and remain there, in the present experiments. 

_ Although isolated arteries (Keatinge, 1958) ceased to respond to 
adrenaline as soon as they were cooled, they maintained for a time any 
contraction that was present at the time they were cooled. Similar be- 
haviour by resistance vessels can explain why cold vasodilatation does not 
take place immediately after a finger is cooled, and why iontophoresis 
increased the delay. Isolated arteries regained their power of responding 
to adrenaline as soon as they were rewarmed, but they regained it incom- 
pletely at first. Similar behaviour by the digital resistance vessels could 
explain why blood flow in fingers exposed to iontophoresis first rose to a 
high level in ice-water and then became stabilized at a rather lower level. 
Axon reflexes probably also played a part in these changes after the initial 
dilatation had raised the finger temperature. Vasodilator substances may 
_ also be released by cold independently of nerves, but on present evidence 
there seems no need to postulate such a release. 

The low and fluctuating blood flows sometimes seen during cold vasodi- 
latation in the fingers of generally chilled men (Keatinge, 1957) and after 
prolonged iontophoresis in two subjects in the present experiments, may 
have been determined by contraction of the large arteries of the hand and 
arm. The radial pulse was always weaker after the men were chilled in the 
former experiments than before they were chilled, and in dogs the large 
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arteries can contract sufficiently (Davis & Hamilton, 1959) to arrest the 
circulation to a paw. Arteries often undergo rhythmical contraction (Grant, 
1930) when stimulated by adrenaline. The abrupt falls in blood flow, which 
were often seen in control fingers in ice-water after a high flow had been : 


present for some minutes, were probably started reflexly by minor stimuli; 


at the time they took place the vessels apparently had been warmed to a 
high enough temperature and for a long enough time to recover much of 
their normal contractile power. It was shown earlier (Keatinge, 1957) that. 
vasoconstrictor reflexes will cause abrupt constriction during cold vaso- 
dilatation in the fingers of generally warm subjects. 

Two points about the effect of iontophoresis in warm fingers need com- 
ment. The longer time needed to suppress the flow in men’s than in 
women’s fingers can be explained in part, at least, by the smaller size of the 
women’s fingers, and the smaller and briefer action of noradrenaline than 
adrenaline was presumably due to more rapid breakdown. 

The heat flow recorded from fingers in a steady state of heat loss must be 
due to cutaneous blood flow, apart from a small fraction due to blood flow 
in the bone and fat of the finger. The duration of iontophoresis with 
adrenaline that was required to suppress the flow was surprisingly long, 
in view of the fact that the current per square centimetre of skin was about 
double that used to suppress cutaneous blood flow in the forearm within 
10-20 min by Cooper, Edholm & Mottram (1955) and Edholm, Fox & 
MacPherson (1956), who used the technique to permit estimates of muscle 
blood flow by venous occlusion plethysmography. The former authors, 
aware that earlier experiments of this kind might have given misleading 
results because of incomplete suppression of skin blood flow, obtained | 
evidence that their procedure did cause adequate suppression in one skin 
area of one subject. However, their estimates of the effect of indirect 
heating on muscle blood flow differ from those made with a calorimeter- 
sonde by Barcroft, Bock, Hensel & Kitchin (1955). The long time needed 
to suppress skin blood flow by iontophoresis in the present experiments is 
particularly striking, as the solution used in them contained higher con- 
centrations of adrenaline, 0-04 g/ml. as opposed to 0-0005 g/ml. used by 
Cooper et al. (1955) and Edholm e¢ al. (1956), and virtually no other cations; 
the solutions used for the forearms contained in addition a quantity of 
sodium. The long and variable time required to suppress finger-blood flow 
is probably due to the large and uneven thickness of the epidermis of 
the finger, and to variations of this from subject to subject. Variations 
of this kind must exist to some extent in any skin area, and must limit 
the usefulness of adrenaline iontophoresis as a means of suppressing skin 
blood flow and permitting estimates of muscle blood flow even in warm limbs. 
Clarke, Hellon & Lind (1958) reported that iontophoresis with adrenaline 
did not prevent cold vasodilatation in the forearm, and concluded that the 
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dilatation probably took place mainly in muscle blood vessels. However, 
_ they pointed out that the technique might not be reliable at these tem- 
peratures, and the present experiments show that adrenaline iontophoresis 
cannot be relied on to suppress skin blood flow at low temperatures. 


SUMMARY 


1, Adrenaline or noradrenaline were introduced by iontophoresis into — 


the index fingers of men and women in a hot room, using a current of 2 mA. 

2. At least 45 min of iontophoresis with either drug was required to 
reduce the blood flow to a negligible level in men, but in women a shorter 
time was often sufficient. 

3. When fingers exposed to iontophoresis were immersed in ice-water 
a high blood flow appeared in them after a few minutes. The flow then 
became stabilized at a rather lower level. 

4. These results support the view that a major cause of cold vasodi- 
latation is impairment or loss of vascular response to constrictor hormones 
at near freezing-point. 

5. They also show that iontophoresis with adrenaline is not a reliable 
method for distinguishing skin from muscle blood flow in cold limbs. 

I am indebted to members of the staff of the Jaboratory who acted as subjects. 
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Acetylcholine (ACh) depolarizes the end-plate region of skeletal muscle 
by increasing its permeability to inorganic ions (Fatt & Katz, 1951). The 
application of radio-isotopes to the study of this action is technically 
difficult because in normal muscle ACh is effective at only a small fraction 
of the total membrane. After denervation, however, the sensitive area 
spreads to involve the entire fibre surface (Axelsson & Thesleff, 1959; 
Miledi, 1959, 1960), and large effects of ACh on the rate of loss of labelled 
potassium ions from the whole muscle can then be demonstrated (Klaus, 
Kuschinsky, Lillmann & Muscholl, 1959). 

In the present experiments radio-isotopes of sodium, potassium, calcium 
and chloride have been used to examine the effect of ACh on ion flux in 
the denervated rat diaphragm. In all experiments the muscles were 
equilibrated in solutions containing sufficient potassium to depolarize the 
fibres. Under these conditions ACh was still effective in accelerating ion 
movement (cf. Klaus et al. 1959), which could then be studied uncompli- 
cated by secondary changes due to alterations in membrane potential. 

It was observed in the course of such experiments that the depolarized 
muscles still contracted in response to ACh, provided that the bathing 
fluid contained calcium. A similar finding has been reported for smooth 
muscle (Evans, Schild & Thesleff, 1958; Robertson, 1960; Edman & 
Schild, 1961; Durbin & Jenkinson, 196la, 6). Since much evidence 


_ suggests that calcium ions play an important part in the linkage between 


excitation and contraction in muscles with normal resting potentials 
(Liittgau & Niedergerke, 1958; Niedergerke, 1959; Bianchi & Shanes, 1959; 
Frank, 1960), it was of special interest to study the calcium dependence 
of these contractures, and of the effect of ACh on permeability. 


* Work done during tenure of Beit Memorial Fellowship. Present address: ahica 
Laboratory of Physiology, Oxford. 
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METHODS 


Rats were anaesthetized with ether, and the left hemi-diaphragm denervated by evulsion 
of the phrenic nerve in the neck. Muscles were used 7-24 days later and were tested for the 
absence of innervation by application of shocks to the remainder of the nerve trunk; 
if any part of the hemi-diaphragm contracted the preparation was discarded. Further 
evidence of denervation was obtained by noting the presence of fibrillation, and by observing 
the development of tension on applying ACh in the bathing fluid; normal muscle does not 
respond under these conditions. 

It was important for tracer measurements that the muscles should have been largely free 
from other tissue. The ribs, and as much connective tissue as possible, were therefore 
' detached with a sharpened needle, under a dissecting microscope. Only the anterior third 
of the diaphragm could be used for this purpose. Generally, 3-4 strips of muscle, together 
weighing 80-200 mg, were obtained from a single rat. The preparations were attached to 
frames made of fine glass tubing through which an appropriate gas mixture was passed, 
oxygenating and stirring the bathing fluid. 

Solutions. During dissection, and in some control experiments, the preparations were 
bathed in a modified Krebs’s fluid which had the following composition (mm): Na 150, 
K 5-0, Ca 2-0, Mg 1-0, Cl 148, H,PO, 1-0, HCO, 12, glucose 12, and was eared wien 95% O,, 
5% CO, gas mixture (Liley, 1956). 

To depolarize the muscle fibres, the strips were transferred to a solution containing (mm): 
K 142, Na 5-0, Ca 5-0, CH,SO, 134, SO, 3-25, Cl 15, HCO, 1-5, glucose 12. This was aerated 
with O,, and is referred to hereafter as ‘potassium solution’. 

Potassium methylsulphate was obtained from Hopkin & Williams Ltd, and was of only 
moderate chemical purity. The main contaminants were K,SO, (2-7 %) and a volatile sub- 
stance which could be detected by its odour, and which was removed by prolonged exposure 
of the salt to a partial vacuum. Muscles bathed in potassium solutions made up from po- 
tassium methylsulphate which had been treated in this way contracted in response to ACh 
for as long as 12 hr. It should be noted that because of the presence of 3-25 mm sulphate, 
approximately 25 % of the calcium in the final solution was in a combined form. 

Neostigmine methylsulphate (Prostigmin) 2x 10-? g/ml. was included in all bathing 
fluids. 

Procedure with tracers 


The preparations were first equilibrated in the potassium solution for 2 or more hours. 


In efflux experiments, tracer was included during at least 1 hr of this period, care being 
taken to ensure that active and inactive solutions were of the same chemical composition, 
After loading, the strips were drained of adhering droplets and were then passed through a 


series of known volumes (1-:2—5-0 ml.) of inactive potassium solution, to some of which ACh 


had been added. At the end of the experiment the strips were dissolved either in concentrated 
nitric acid or in warm 0-2 n-sodium hydroxide (cf. Durbin & Jenkinson, 1961a). Samples 
of the wash fluids and of the dissolved muscles were taken for counting. 

Measurements of the effect of ACh on the influx of tracer were carried out on pairs of 
bone-free strips from single hemi-diaphragms. After equilibration for at least 2 hr, both 
strips were placed for 3 min in radioactive solution. This was to ensure that the interspaces 
should have contained tracer at the time of application of ACh. After this ‘pre-load’ 
period, the preparations were transferred for 5 min to separate samples of the same load 
solution, to one of which ACh had been added. The strips were then washed in known 
volumes of inactive fluid, as in efflux experiments. Finally they were weighed and dissolved 
for counting. By determining the activities of the wash fluids and of the muscles, the amounts 


of tracer remaining in the tissues at various times after removal from load could be calculated 


and compared. 
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A slightly different procedure was used in some early uptake experiments in which muscle 
strips with the bone still attached were used. After loading and washing for a standard 
period as before, the strips were blotted lightly and small portions dissected from the centre 
of each. These were rapidly weighed and then dissolved for counting; the wash fluids were 
discarded. Although this method was less time-consuming, the use of bone-free strips was 
preferred as the additional information gained allowed the rates of loss of tracer from the 
_ preparations to be compared. 

Measurement of radioactivity. One-millilitre samples of the wash fluids were dried on 
planchettes under a lamp and counted with an end window G—M tube. To determine the 
activities of dissolved muscles containing either “*K or “Na, the solutions were made up 
to 10 ml. with the standard potassium fluid, and 1 ml. samples taken for counting; the 
weights of material on the ‘muscle’ and on the ‘wash’ planchettes were then almost identical. 
However, this was not so in experiments with “Ca or Cl when it was necessary, in order to 
obtain a satisfactory count rate, to transfer all the dissolved muscle to the final planchette. 
An allowance for the increased self-absorption of this sample had therefore to be made. 
The correction to be applied was determined by measuring the reduction in count rate 
produced by the addition of known amounts of either potassium methylsulphate or sucrose 
to an identical planchette containing a sample of the appropriate isotope. In the most 
extreme case, when the weight of material (containing “*Ca) on the final planchette exceeded 
that on the others by 3-7 mg/cm’, the correction amounted to 20%. 

The count rates were also adjusted to allow for background, decay, and if nickel and 
platinum planchettes were used in the same experiment, for differences in back-scattering. 
When assaying either *Cl or “Ca, a disk of lens paper was placed in the planchette to 
promote even spreading of the salts on drying. Nevertheless, all samples containing ““Ca 
were redissolved, dried and counted at least twice more to obtain consistent results. 

Differences in the properties of the isotopes allowed the exchange of two ions to be followed 
simultaneously by the method described in a previous paper (Durbin & Jenkinson, 1961a). 
All samples of #*K were found to be free of the long-lived contaminant which had occasionally 
_ complicated the application of the technique in the earlier investigation. 


Recording 

Mechanical recording. Strips of diaphragm with the bone still attached were mounted 
under isometric conditions in a water-jacketed bath. The lower end of the preparation was 
attached to a glass hook, and the upper, through a short length of stainless-steel wire, to the 
anode of a mechano-electric transducer valve (RCA 5734). The output, after amplification, 
was fed to a pen recorder. 

Electrical recording. Membrane potentials were measured with intracellular micro- 
electrodes having a tip resistance of more than 10 MQ. In some experiments, the effect of 
ACh was examined in the way described by del Castillo & Katz (1955). Two micro-electrodes 
were inserted into a fibre, one being used to pass current pulses of constant intensity, and 
the other to record the resulting changes in potential across the membrane. On briefly 
interrupting the ‘braking’ current preventing the diffusion of ACh from a nearby micro- 
pipette, the simultaneous effects of the drug on membrane potential and resistance could be 
followed. 

Temperature. The experiments were performed at room temperature (18-23° C) with a 
few exceptions which are indicated in the text. 
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RESULTS 
Effect of ACh on outward movement of sodium and potassium 


Figure 1a illustrates the time course of loss of “*K from a denervated 
diaphragm bathed in the standard potassium solution. The efflux occurred 
in two phases which corresponded, to a first approximation, to successive 
clearing of the interspaces and of the cells. Similar curves were obtained 
with *Na. Application of ACh during the second phase invariably resulted 
in a striking increase in the rate of loss of both “K and **Na (Figs. 16, 2, 
4 and 5). This effect was not maintained during the presence of ACh, 
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42K content of muscle (counts/min) 
¢ 
Rate coefficient for tracer loss(min~) 
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Time (min) Time (min) 

Fig. 1(a). Loss of “*K from a bone-free strip of rat diaphragm (denervated 11 days 
previously) bathed at room temperature in the potassium solution used through- 
out the present study. Ordinate, amount of radioactivity remaining; abscissa, 
time from transfer of the muscle from solution containing **K. Semi-log. scale. 
(b). Effect of ACh (7-5 x 10-* g/ml.) on the efflux of **K from a strip of denervated 
muscle (16 days) from another rat. Ordinate, rate coefficient, defined as Ac/At.cy,; 
where Ac is the amount of radioactivity lost from the muscle during the collection 
period, At, and c,, is the mean of the tracer contents of the muscle at.¢ and at 
t+At. Abscissa, as in (a). The points have been drawn at times corresponding 
to t+ 4(At) in each period. . 


most probably because of the onset of ‘desensitization’ of the receptors 
(cf. Katz & Thesleff, 1957). It was also noted that the increase in rate 
coefficient (i.e. the proportion of muscle tracer lost in unit time) always 
persisted for some minutes after return of the strip to ACh-free solution. 


It is likely that this delay reflects the time required for ACh, and the | 


tracer which exchanges as a result of the action of the drug, to diffuse from 
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the interspaces (cf. Krnjevié & Mitchell, 1960). Because of these factors, 
and also since preparation of strips of diaphragm inevitably entailed some 
damage to the tissue, a quantitative analysis of the action of ACh was not 
attempted. However, to enable the effect on the exchange of different 
isotopes to be compared, ACh was usually applied at a concentration of 
7-5 x 10-* g/ml. for an arbitrary period of 7 min. The maximum increases 
in rate coefficient produced by this standard application were expressed 
as percentages of the rates in the absence of ACh, as estimated by inter- 
polation. Values obtained in this way are listed in Table 1 (cols. 1 and 3). 


TABLE 1. The effect of the standard application of ACh (7-5 x 10-* g/ml., for 7~8 min) on 
the exchange of different labelled ions. The percentage increases have been calculated, as 
described in the text, from the results of experiments of the type illustrated in Figs. 1b 
and 3. — indicates a negligible effect (< 5%). 


1 2 3 4 5 6 7 8 
aK | *Na 360] Ca 
Efflux Uptake Efflux Uptake Efflux Uptake Efflux Uptake 

105 110 150 310 10 280 

330 40 100 150* 40 50 et 40 

220 50* 100 
20+ 30* 380* 

| 7 120* 


* These values were obtained with pieces of diaphragm with the bone attached (see 
Methods) and have been calculated from the amounts of tracer remaining in the muscles 
approximately 15 min after removal from load. 

+ Concentration of ACh increased to 2x 10-5 g/ml. 


In one experiment ACh was applied twice to the same strip, first at 
10-7 g/ml. and then 45 min later at 7-5 x 10-* g/ml., and was observed to 
increase the rate of loss of 42K by 50 and 200 % respectively. 

As described more fully in a later section, ACh also caused the diaphragm 
to contract even though the fibres were depolarized. This response failed 
in the absence of calcium. It was therefore of interest to determine whether 
the effect of the drug on ion flux was also calcium-dependent. To test this 
point, two strips of a denervated muscle were loaded with “*K in thestandard 
potassium fluid. They were then transferred to separate inactive solutions, 
one of which was calcium-free. Twenty minutes later ACh was applied to 
- each strip; the resulting increases in rate of loss of tracer are shown in 
Fig. 2. It is clear that this action of ACh was in fact little affected by 
calcium lack. 


Effect of ACh on inward movement of sodium and potassium 


Further evidence that ACh increases the permeability of the membrane 


to sodium and potassium ions was obtained by examining its effects on the 
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Fig. 2. Test of calcium-dependence of the effect of ACh on the efflux of “K. Two 
_ bone-free strips of a denervated diaphragm (11 days) were exposed to the same 
concentration (7:5 x 10~* g/ml.) of ACh in separate potassium solutions, only one of 
which contained calcium. The resulting increases in rate are seen to be about the 


same (O, Ca 5 mM;.@, Ca-free). Plotted as in Fig. 1b. 


200+ 2 
B 
£ 8 £ 
2 
\ 
; 20 60 
Time (min) : Time (min) 


Fig. 3. Effect of ACh on the uptake of “*K (A) and **Na (B). In each experiment, 
two bone-free strips of a denervated diaphragm (A, 7 days; B, 18 days) were 
exposed, after a brief ‘pre-load’ period, to separate radioactive solutions, to one of 
which ACh (7-5 x 10-* g/ml.) had been added. The strips were then returned to 
inactive fluid, and the loss of tracer observed; the amounts remaining in each (O, 
ACh-treated; @, control) have been plotted as in Fig. la. Semi-log. scales. 
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uptake of “K and **Na. Two muscle strips were exposed, as described in 
Methods, to separate load solutions, one of which contained ACh. The 
subsequent procedure is illustrated in Fig. 3 (cf. Fig. 5). It can be seen 
that immediately after removal from load solution the ratio of the tracer 
contents of the ‘ACh’ and ‘control’ strips was close to unity, most probably 
because the activity in the interspaces of both formed a substantial fraction 
of the total uptakes. However, when the loss of tracer to inactive solution 
had continued for some minutes the efflux curves flattened and began to 
diverge, suggesting that the extracellular component had become suffi- 
ciently reduced for differences in a slower fraction, which presumably 
corresponded to exchange of tracer in the cells, to become apparent. In _ 
every experiment the ACh-treated strip was found to contain more 
activity, from which it is reasonable to conclude that the preceding uptake 
had been accelerated. Had thinner preparations been available it might 
have been possible to distinguish between tracer in the cells and in the 
interspaces by extrapolating the later part of the efflux curves to the time 
of transfer of the strips from load (cf. Durbin & Jenkinson, 1961 a). 
However, in the present experiments this extrapolation could not be made 
with confidence because the proportion of extracellular tracer was high, 
and its loss relatively slow. Instead, an approximate measure of the 
action of ACh on uptake was obtained by expressing the difference between 
the tracer contents of the ‘ACh’ and the ‘control’ strips after an arbitrary 
period of 25 min in inactive solution (by which time the extracellular 
component will have been reduced to a small fraction of its original value) 
as a percentage of that remaining in the control. Values obtained in this 
way have been included in Table 1 (cols. 2 and 4). It may be noted that 
they cannot be compared directly to those which express the effect on 
efflux, as the experimental procedures differed in several respects. Never- 
theless, it can be concluded from these results that ACh accelerated both 
inward and outward movement of sodium and potassium. 


ACh and exchange of chloride 

The rate of exchange of chloride was little affected by ACh. This was 
most clearly shown by double tracer experiments in which the actions of 
ACh on the efflux of **C] and either *“Na or “*K (e.g. Fig. 44 and B) were 
determined with the same preparation. 

As can be seen in Fig. 4, the increase in the rate of ni of chloride 
barely exceeded the scatter of the experimental points; although estimates 
of the percentage change in rate coefficient have been given in Table 1 
(col. 5), the values are to be regarded as upper limits. It was concluded 
that the effect of the standard application of ACh on the loss of chloride 
was at most*15% of that observed with sodium and potassium. 
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Four experiments were made to test the action of ACh on the uptake 
of labelled chloride; the results are listed in Table 1, col. 6. As noted in 
Methods, uptake measurements required the preparation of two bone-free 
strips which may have differed in the relative proportions of damaged 
tissue. The results were therefore subject to considerable inaccuracy and 
can only be taken to suggest that the effect of ACh on uptake, as on 
efflux, of chloride is shomsated small. 
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Fig. 4. Effect of ACh (7-5 x 10~* g/ml.) on the efflux of *Cl (@), plotted as in 
Fig. 1b. A and B are from ‘double tracer’ experiments, the second isotope in A 
being “Na (©). In B, *K and *Cl were combined; the increase in potassium flux 


is illustrated separately (Fig. 1b). Days of denervation for A, B, C, D = 19, 16, 
24 and 11 respectively. 


ACh and nochange of calcium 


An experiment to test the effect of ACh on both uptake and efflux of 
45Ca and “Na is illustrated in Fig. 5. It will be seen from A that the strip 
loaded in the presence of ACh contained a greater amount of “Ca. This 
was a consistent finding, the magnitude of the effect being of the same order ~ 
as that observed with sodium and potassium (cf. Table 1, cols. 2, 4 and 8). 
It seems reasonable to conclude, as before, that the divergence of the curves 
is a consequence of the effect of ACh in accelerating ing uptake. 
However, no corresponding increase in the rate of loss of labelled calcium 
could be detected. The possibility that this might have been due to some 


- deterioration of the preparation was excluded by double-tracer experi- 


ments (e.g. Fig. 5(B)), in which ACh was found to accelerate the loss of 
either Na or “K in the usual way. 
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Fig. 5. ‘Double tracer’ experiment using three strips from the same diaphragm 
(18 days) to test the effect of ACh (7-5 x 10-* g/ml.) on the uptake (A) and efflux (B) 
of “Ca and “Na. A (plotted as in Fig. 3; semi-log. scale) shows only the curves 
obtained with “Ca (O, ACh-treated strip; @, control); the corresponding results 
for “Na are illustrated in Fig. 3(B). In B (plotted as in Fig. 1b), the rates of loss 
of “Na and “Ca are indicated by the symbols + and O, respectively. 


ACh contractures of depolarized muscles 


At room temperature the denervated rat diaphragm responded to 
immersion in the standard potassium solution with a transient contracture. 
In four experiments the tension reached its peak in from 0-5 to 2-5 min, 
and thereafter returned to the previous value at rest with a half-time of 
1-6 min. 

When the ‘potassium contracture’ had subsided, the application of 
ACh still caused the muscle to develop tension (Fig. 6). The time course 
of this response varied considerably from preparation to preparation. 
Small doses of ACh elicited a slow contracture requiring 2—5 min for its 
completion (cf. Fig. 6D). With maximal or near-maximal doses, however, 
the tension reached its peak in from 7 to 50 sec (mean value in 11 experi- 
- ments, 15 sec), and had fallen to half 15-70 sec (mean value 40 sec) later. 

This variability, which could not be attributed to differences in the period 
of denervation, provided one of the most puzzling features of the present 
work. 

The contractures were reversibly abolished by tubocurarine (3 x 10~* g/ 
ml.). In other respects, however, the response to ACh changed on de- 
polarizing the muscle. In the first place, greater concentrations of ACh 
(10-30 times as much, for just detectable contractures) were required. 
Also, the maximum tension was never more than 40%, and sometimes 
less than 10%, of that in Krebs’s fluid (cf. Fig. 7). 
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Further, the ACh contractures of depolarized muscles were markedly 
temperature-dependent (Fig. 8). Above 30°C ACh became ineffective, 
the optimal temperature being in the range 18-22° C. In contrast, de- 
nervated diaphragms bathed in Krebs’s fluid contract strongly on exposure 
to ACh both at room temperature (cf. Fig. 6) and at 37° C. 

Below 15° C the response of depolarized muscles to successive applications 
of ACh rapidly declined. It was also noted that at such temperatures the 
preparations showed apparently spontaneous contractures. 


A 
(33) 


5 min 
8 
5 
(94)| (121) \ (168) (210) 


142 


Fig. 6. Contractures of a denervated hemi-diaphragm (13 days), recorded under 
isometric conditions at 18°C. A and B show the response to ACh (10-* and 
10-* g/ml. respectively, added at dots) in Krebs’s fluid. At C, the standard 
potassium solution was introduced. When the resulting contracture had subsided, 
_ ACh was still effective (D, 10-*; Z, 2-7 x 10-° g/ml.). ‘8’ on tension scale corresponds 
to 8 g for A, B and C, and to 3-2 g for D and H. Passive tension due to stretch of 


muscle was less than 0°3 g ——. The time (min) from sata of the strip 
is given with each record. 
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Fig. s Peak tension developed in response to ACh applied in Krebs’s (©) and 
in potassium (@) solutions. From same experiment as in Fig. 6. The numbers 


indicate the order in which the measurements were.made. Semi-log. scale. 
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10°5 

ACh (g/ml.) 

Fig. 8. Mechanical response of a denervated diaphragm (14 days) to ACh applied 
in potassium solution at 18 (+), 21 (O), 27 (@), and 37 (©) °C. On reducing 
the temperature to 15° C, the effectiveness of ACh fell rapidly, becoming negligible 
after 30 min, Semi-log. scale. 
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Fig. 9(a). Response of a depolarized diaphragm (denervated 18 days) to ACh 
(10-* g/ml.) applied at intervals of approximately 13 min. Calcium was withdrawn 
immediately after A, and restored after B. (b). Peak tension developed by another 
preparation (22 days) in response to ACh (10-5 g/ml.) applied in potassium solutions 

- containing different concentrations of calcium. The numbers indicate the order 
in which the measurements were made. 


Calcium dependence of the contractures 


The ACh contractures of depolarized diaphragms did not require the 
presence of either sodium or chloride ions in the bathing fluid and could 
be observed in preparations soaked at room temperature in isotonic 
potassium sulphate, saturated with calcium sulphate, for as long as 6 hr. 
The response was, however, graded with the external calcium concentra- 
tion, and became negligible 5-15 min after withdrawal of this ion (Fig. 9). 
On restoration of calcium, recovery took place within 5 min. In contrast, 


| 
| 10 
— 
2 
05 
| 
q 
AT 
a 
3 
‘ 


122 D. H. JENKINSON AND J. G. NICHOLLS 


a similar period of calcium lack had little or no effect on the ACh contrac- 
tures of diaphragms bathed in Krebs’s fluid, other experimental conditions, 
e.g. temperature (18-22°C), being the same. This difference could be 
clearly shown by transferring a preparation which had been soaked for 
1 hr in calcium-free potassium solution to calcium-free Krebs’s fluid; after 
3 min ACh, which had previously been quite ineffective, caused the muscle 
to contract strongly. It should, however, be noted that no rigorous 
precautions were taken to eliminate traces of calcium, so the possibility 
remains that the ACh contracture in Krebs’s fluid may also fail in the 
complete absence of calcium ions. The amounts of ionized calcium in 
‘calcium-free’ potassium and Krebs’s fluids are, however, most probably 
of the same order. It therefore seems likely that there is a considerable 
quantitative difference in the calcium dependence of the responses to ACh 
in these fluids. 


The effect of ACh on the membrane potential of denervated muscles in 
the standard potassium solution 


It was important to know whether the actions of ACh described in the 
preceding sections were associated with potential changes. Micro-electrodes 
were used to obtain information on this point. In one experiment, the 
effect of applying ACh (2 x 10-5 g/ml.) to a denervated diaphragm bathed 
in potassium fluid was tested. It was found difficult to make satisfactory 
measurements during the rising phase of the resulting contracture. How- 
ever, when the peak tension had been reached, the méan potential observed 
in eleven fibres, 2-6+0-7 mV (s.n. of mean), did not differ significantly 
. from the pre-ACh value of 3:0+0-3 mV (20 fibres). Although this sug- 
gested that ACh had produced little change, the method was abandoned 
because of the difficulty of making rapid measurements of membrane 
potentials lying within a few millivolts of zero in a mechanically active 
muscle, 

More conclusive evidence was obtained by examining the simultaneous 
effects of highly localized applications of ACh on the potential and 
resistance of denervated muscle fibres. Two micro-electrodes were inserted 
into a fibre, one being used to record the changes in membrane potential 
caused by the passage of current pulses through the other (Fig. 10 A). 
When ACh was released from an extracellular micro-pipette, the electro- 
tonic potential became smaller and more rapid, indicating a fall in mem- 
brane resistance. There was, however, little shift of the base line. This is 
illustrated more clearly in Fig. 10B, which shows the effect of ACh on a 
series of electrotonic potentials. Similar results were obtained from nine 
fibres in two denervated muscles; although small changes of potential 
in either direction were sometimes observed, their magnitude never ex- 
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ceeded 2mV. Thus it could be concluded that concentrations of ACh 


sufficient to produce a marked increase in membrane conductance caused 
little change in potential. 


4 


Fig. 10. Effect of ACh on electrotonic potentials recorded from a single fibre in a 
denervated diaphragm (10 days) bathed in the standard potassium fluid. A; ‘Re- 
polarizing’ potentials superimposed. Between the sweeps ACh was applied from a — 
nearby micro-pipette. Scales: 5mV and 10 msec. B: ‘Depolarizing’ potentials — 
recorded on slowly moving film. Between dots, the ‘braking’ current through 
the micro-pipette was interrupted so as to release ACh. Scales: 5 mV and 1 sec. 


DISCUSSION 
Effect of ACh on tracer movement 


Under the conditions of the present experiments ACh had little if any 
effect on the membrane potential, which lay within a few millivolts of 
zero. For this reason, and because net movements of those ions which 
readily penetrate the membrane were probably largely complete by the: 
time of application of ACh, the observed increases in the rate of exchange 
of “Na and “K must be attributed to an enhanced permeability to 
sodium and potassium. 

It may be noted that no comparable effect can be detected in the in- 
nervated diaphragm (Klaus ef al. 1959), presumably because there are — 
then relatively few receptors so that changes in ion flux resulting from the 
action of ACh are masked by the exchange of tracer across other parts of 
the membrane. 

In contrast to the findings with sodium and potassium, ACh markedly 
increased the uptake of “*Ca by the denervated diaphragm without having 
_ any corresponding effect on the rate of loss. It is, however, known that 
much of the calcium in the cells of frog skeletal muscle exists in a bound 
form (Gilbert & Fenn, 1957; Harris, 1957) and it seems reasonable to 
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assume that the same applies to the diaphragm. The rate of loss of tracer 
from a loaded preparation may therefore be determined largely by the 
kinetics of calcium movement within the cell. Failure to observe a direct 
effect of ACh on calcium efflux, despite an increased membrane perme- 
ability, would not then be unexpected. 

The results obtained with *C] show that a change in chloride perme- 
ability contributed relatively little to the increase in membrane conductance 
caused by ACh. It does not, of course, necessarily follow that the same 
holds for the action of the drug on either normal or denervated diaphragms 
bathed in more physiological solutions, and this remains to be investigated. 
Recently Takeuchi & Takeuchi (1960) have applied the ‘voltage clamp’ 
technique to the study of the effect of ACh at the end-plate region of 
innervated frog skeletal muscle. Their measurements indicated that the 
change in permeability extended to sodium and potassium, but probably 
not to chloride, being similar in this respect to that observed with the 
denervated rat diaphragm. In contrast, experiments on the exchange of © 
labelled potassium, chloride and bromide in depolarized smooth muscle 
(the taenia coli of the guinea-pig) have shown that carbachol increases 
the permeability to all three ions to approximately the same extent 
(Durbin & Jenkinson, 1961 a). 


ACh contractures of depolarized diaphragms 


The mechanical response of the denervated rat diaphragm to ACh 
applied in potassium-rich solutions resembled that of smooth muscle 
(Evans e¢ al. 1958; Durbin & Jenkinson, 1961a, b) in several respects. 
In particular, the contracture could be abolished by an appropriate 
antagonist, e.g. tubocurarine in the case of the diaphragm, and by with- 
drawal of calcium. This is discussed below. Among the differences noted was 
that the diaphragm became much less sensitive to ACh on depolarization, 
whereas with some varieties of smooth muscle the reverse has been shown 

to occur. 

_ With maximal or near-maximal doses of ACh, the response of the de- 
polarized diaphragm became quite rapid, the average time required for the 
development of the peak tension being 15 sec. During this interval ACh 
cannot have diffused much beyond the superficial fibres, in which the con- 
tracture must have originated. For this reason little significance can be 
attached to the absolute values of the tensions developed under the 
conditions of these experiments. 

Generally the tension declined almost as rapidly as it had risen, even 
though the bathing fluid still contained ACh. This may have been due 
to the onset of desensitization which was already apparent in tracer 
experiments in which ACh was applied at 7-5 x 10-* g/ml. (Fig. 1b). As 
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more than ten times this concentration was normally required to elicit 
a maximal contracture, desensitization would have been expected to be 
rapid. A second possibility is that the muscle may have begun to relax 
even though the processes which activate contraction were still operative, 
i.e. that some form of ‘de-activation’ of the contractile mechanism occurred. 
Although the techniques used in the present work did not allow the 
relative importance of these factors to be determined, it is possible that 
several puzzling features of the contractures may prove explicable in 
such terms. For example, the failure of the response above 30°C may 
have been a consequence of either or both processes becoming more rapid 
at higher temperatures. 

It was of special interest that the mechanical response of the depolarized 
diaphragm to ACh was dependent on calcium, for this ion is known to 
play an important part in the initiation of contraction in muscles under 
more physiological conditions. This has been studied in most detail in the 
heart where it has been shown (Liittgau & Niedergerke, 1958; Niedergerke, 
1959) that many features of the action of calcium can be explained by 
supposing that depolarization of the membrane, whether by the action 


oe potential or by the application of a potassium-rich solution, causes a 


negatively-charged calcium compound to move from a superficial to a 
deeper part of the cell, where it activates the contractile mechanism. 
There is some evidence to suggest that a somewhat similar process operates — 
in skeletal muscle, although it is already clear that there are quantitative 
differences, e.g. in the sensitivity to a reduction in the external calcium 
concentration (Frank, 1960). 

In discussing possible mechanisms for the ACh contracture of depolarized 
diaphragms it is first necessary to consider whether this response was 
also a consequence of an alteration in membrane potential. Although 
the failure to detect any consistent effect of ACh on potential suggested 
that this was not the case, it must be pointed out that it proved impossible 
to eject sufficient ACh from a micro-pipette to produce a visible contracture. 
Thus the possibility that larger amounts would have altered the potential 
cannot be excluded, although it seems unlikely. 

_ A more plausible hypothesis is to suppose that the ACh contracture is 
a consequence of a calcium influx which results not from a change in 
potential but from the increased permeability of the membrane, as sug- 
gested on the basis of similar, but less complete, experiments with depolar- 
ized smooth muscle by Durbin & Jenkinson (19616). The size of the 
response would then be expected to vary with the quantity of calcium 
entering, which would presumably depend in turn on (a) the concentra- 
tion gradient for ionized calcium, and (b) the extent of the increase in 
permeability. The failure of the contracture in calcium-free solution is 
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probably a direct consequence of the decrease in (a), as the effect of ACh 
on the permeability to potassium, and presumably other ions, did not 
appear to be calcium dependent. On the other hand, the abolition of the 
response by tubocurarine tan reasonably be attributed to a reduction in 
(d). 

SUMMARY 


1. Radio-isotopes were used to study the effect of ACh on the perme- 
ability of the denervated rat diaphragm to inorganic ions. The preparations 
were bathed at 18-23° C in solutions containing a high concentration of 
potassium (142 mm), in order to depolarize the fibres and so avoid secondary 
ionic movements associated with changes in membrane potential. 

2. ACh markedly increased the inward movement of calcium, and both 
inward and outward movements of sodium and potassium. Only small 
effects on chloride flux could be detected. 

3. At room temperature ACh still caused the depolarized denervated 
muscles to develop tension (up to 40%, of the maximum in Krebs’s fluid). 
This response was reversibly abolished by tubocurarine. 

4, The contractures failed in the absence of calcium, although there 
was no corresponding reduction in the effect of ACh on membrane 
permeability. 

5. Micro-electrodes were used to show that ACh produced little or no 
change in the membrane potential of diaphragms equilibrated in the 
potassium-rich solution. 

6. It is suggested that the ACh contractures oheeered under these 


conditions are a consequence of entry of calcium into the cells, Percale 
the increase in membrane permeability. 
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Investigations on the interaction between afferent fibres have largely 
been concerned with cutaneous afferent fibres (Barron & Matthews, 1935, 
1938; Toennies, 1938, 1939), which are particularly involved both on the 
input and output sides of the dorsal root reflex (DRR). Toennies (1939) 
reported that tapping the patellar tendon gave a DRR into the saphenous 
nerve, but it probably was not due to muscle stretch receptors, because 
a similar DRR was produced by tapping the skin over the tibia. Brooks, 
Koizumi & Malcolm (1955) and Brooks & Koizumi (1956) showed for the 
first time that there was a DRR from muscle afferents to muscle afferents, 
but only when the spinal cord was cooled. There was also a DRR from 
muscle nerve to cutaneous nerve and vice versa. So far as these types of 
DRR were investigated, they resembled the cutaneous-to-cutaneous DRR. 

Further investigation of the phenomena of central interaction between 
muscle afferent volleys has been undertaken because it has seemed likely 
that such interaction forms the basis of the depression which muscle 
afferent volleys exert on the monosynaptic excitatory post-synaptic 
potential (EPSP) produced in motoneurones by other muscle afferent 
volleys (Frank & Fuortes, 1957; Frank, 1959). A preliminary report of | 
this investigation on dorsal root reflexes has already been published 
(Eccles, Kozak & Magni, 1960). 


METHODS 


Throughout the whole experiment, the animal (cat) was lightly anaesthetized by pento- 
barbital sodium. The spinal cord was exposed by a laminectomy from L2 to 81. It was 
severed at the upper L 2 level, and the left L4-S2 ventral roots were divided. The various 
peripheral nerves employed in the investigation were dissected on the left side and mounted 
on platinum electrodes (interpolar distance.in excess of 10 mm) that could be used either 
for stimulating or recording. Approximate monophasic conditions of recording from 
peripheral nerves were secured by the application of procaine to the killed ends of the 
nerves, but with many of our records there was still much diphasic distortion. Both the 
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cord and leg regions were covered by warmed mineral oil contained in pools formed by skin 
flaps. The animal was fixed in the rigid frame and the intracellular recording from afferent 
fibres was performed as described by Eccles & Krnijevié (1959a). The temperature of the 
animal was registered by a thermometer inserted through the back of the neck so that it 
rested just outside the thoracic cage. The temperatures of the oil baths were also recorded 
frequently. The temperature of the interior of the spinal cord would lie between the tempera- 
tures of the body and of the oil pool. Since these temperatures rarely differed by more than 
2 or 3° C, no large error would be introduced by assuming that the body temperature was 
a measure of the cord temperature. When cooling the spinal cord the whole animal was 
cooled by cold applications and the heating of the oil pool was also turned down so that the 
temperatures of the oil pool and of the body were approximately the same. 

The following nerves were prepared, and their identification symbols are also given: 
posterior biceps plus semitendinosus (PBST); anterior biceps plus semimembranosus 
(SMAB); medial gastrocnemius (MG); lateral gastrocnemius plus soleus (LGS); plantaris 
(PL); flexor digitorum longus plus flexor hallucis longus (FDHL); peroneus longus, brevis 


. and tertius (P); deep peroneal to tibialis anticus and extensor digitorum longus, the branch 


supplying skin and the extensor digitorum brevis muscle being eliminated (DP); sural (S); 
the purely cutaneous component of superficial perorieal (SP). When MG and LGS are 
combined the symbol is (GS), while P+ DP = (PDP). 


RESULTS 
- General investigations on dorsal root reflexes (DRRs) evoked by 
muscle afferent volleys 

In the cooled spinal cord of the cat maximum Group I afferent valleys 
in the posterior biceps-semitendinosus (PBST) nerve always produced 
large dorsal root reflex (DRR) discharges in the afferent fibres of muscle 
nerves (Figs. 1 E, 4, 5, 6, 7). Group I volleys in that part of the peroneal 
nerve supplying the anterior tibial muscles (PDP, see Methods) were also 
effective in producing DRRs (Figs. 1G; 6). Synchronous volleys in PBST 
and PDP were particularly effective (Figs. 1C, F, 1; 3A, I; 4F; 8C). 

In confirmation of Brooks & Koizumi (1956), these DRRs from muscle 
afferent fibres to muscle afferent fibres were usually slight at normal body 
temperature (Fig. 1A-C), and increased progressively as the cord was 
cooled (Fig. 1D—F), being always very large at the low temperature of 
30° C. In many preparations the DRRs were very large when the body 
temperature. was no lower than 35-33° C (Figs. 3; 4F—J; 5B). A DRR 
has been observed when the body temperature was as high as 40-5° C 
(Fig. 1G-I). 

In general these DRRs from muscle afferent to muscle afferent have 
closely resembled the DRRs generated by cutaneous afferent volleys in 
cutaneous afferent nerves (Toennies, 1938, 1939). The central latent period 
was never less than 4 msec, and central latencies as long as 10 msec were 


observed with weak DRRs at low temperatures (about 30° C). Large 


DRRs were often up to 20 msec in duration, and there were sometimes 


distinct initial waves at 3-6 msec apart (Figs. 2E-M; 5, 6,7), which evidently 
9 Physiol. 159 
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were produced by an approximate synchronization of repetitive discharges 
in many fibres. Such preferred latencies for the discharges have been 
reported by Frank (1953) and will be illustrated later with intracellular 


recording. 


38°C 


A PDP B PBST C.: PDP+PBST 


| PDP+PBST 


PDP+PBST 


Fig. 1. Dorsal root reflexes (DRRs) produced by maximum Group I volleys in 
muscle nerves as indicated by the symbols above each record, and recorded in the 
FDHL nerve. In A-C the lower trace is from the FDHL nerve, the upper giving the 
potentials produced by the afferent volleys entering the cord through the L7 dorsal 
root, negativity being downwards. D-—F were recorded later in the same experiment 
after the temperature had fallen from 38 to 35° C. The monitored record from the 
L7 dorsal root entry is now below the DRR record, and negativity is upwards. 
Note slower time scale for D-F. G-~—I are records as for D-—F, but in another 
experiment with body temperature 40-5° C, and with time scale as for A-C. 


When the DRR was small, a second volley at a brief interval (up to 
5 msec) in the same afferent nerve caused a large increase in the DRR 
(Fig. 2A—-D). With stimulus intervals longer than 10 msec there was 
depression of the DRR evoked by the testing volley, as was originally 
observed for cutaneous DRRs (Toennies, 1938). The depression gradually 
passed off as the testing interval was lengthened beyond some hundreds 
of milliseconds (Fig. 2 E-I), 

The prolonged depression that follows the production of each DRR by 
an afferent volley is well illustrated by observing the effects of repetitive 
stimulation. As is shown in the series of Fig. 2J-M, the DRR rapidly 
ceases, even during high-frequency tetanization. This complete suppression 
of the DRR is maintained so long as the tetanization is continued. Alter- 
natively, the DRR can be observed at the steady state that is quickly 
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reached during sustained stimulation at relatively low frequency. As is. 
shown in Fig. 3A—H, even a large DRR failed completely at a frequency 
of 5/sec, and almost no reflex survived at 2/sec. Over the frequency range 
1/sec to 0-2/sec the DRR increased greatly, but only when the frequency 
was as slow as 0-14 to 0-1/sec was the DRR as large as with indefinitely 
long intervals between successive volleys. Figure 3I-L shows that even 
at a temperature as high as 40-5° C there is similar effect of suppression 
of the DRR as the frequency is raised to 0-2/sec and upwards. The small 
spike marked by an arrow is an example of a recurrent discharge, as dis- 
cussed below. In the present investigation it has been a standard ‘practice 
to evoke the DRRs at intervals of 7 sec, so as to avoid the depression. 


A B Cc 19 3-0 
E CON F 54 G | 129 H | 280 
msec 


80/sec | L 250/sec 390/sec 


eg 


Fig. 2. Summation and depression of DRRs. A—D show DRRs (upper trace) and 
monitored dorsal root records produced by maximum Group I PBST volleys in 
MG nerve. Summed actions of two volleys at 1-9 and at 3-0 msec are seen in C 
and D, while A and B give control records for single volleys, there being DRRs in 
only one or two fibres. Body temperature 37° C. E shows control DRR discharged 
into the GS nerve in response to two maximum Group I PBST volleys at 3 msec 
interval. In F—I this double volley was employed as a test of the depression following 
conditioning’ by another similar double volley. The test intervals are indicated in 
msec. In J-M are DRRs produced in the GS nerve by repetitive Group I PBST 
volleys at the indicated frequencies, and as shown by the monitored records from 
the dorsal root in the lower traces. E-M are from the same preparation and at a 
body temperature of 31° C. Time scales are shown below each series. 


Following a prolonged repetitive series of muscle afferent volleys there 
is rapid recovery from the depression (Figs. 2, 3) that occurs during the 
stimulation, and after several seconds a testing afferent volley usually 
evokes a larger DRR (Fig. 4B-D) than in the control responses before the 
tetanus (Fig. 4A). In every respect this potentiation is equivalent to the 
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A 0-1/sec B 0-14/sec | O2/sec D 0:3/sec 


0-1/sec 
j 20/sec mM 5.0/sec 


Fig. 3. Effect of frequency of stimulation on DRRs. A-—H: Upper traces show 
DRRs produced by a single synchronized volley in PBST + PDP (maximum for 
Group I) and recorded in the FDHL nerve. The frequency of repetition is shown for 
each record, and below each record is the monitored record from L7 DR. Body 
temperature 33:5° C. I—M is a similar series in another preparation, but with a body 
temperature of 40-5° C. Arrows indicate a single impulse discharged with precisely 
the same latency at all frequencies. It is an example of a recurrent discharge 
(cf. Fig. 13). There is in addition an earlier spontaneous discharge in I and K. 


msec 


Fig. 4. Post-tetanic potentiation of DRRs. In series A—E a specimen control 
record is shown (A), evoked by a single PBST volley in GS nerve. Between A and B 
the standard conditioning tetanus of 300/sec for 15 sec was applied to the PBST 
nerve, and subsequently DRRs were evoked by testing PBST volleys at the times 
indicated in seconds after cessation of the conditioning tetanus. In F—J a synchro- 
nized PBST + PDP volley was employed tu evoke a DRR into FDHL+PL nerve, 
F being control and G—J showing DRRs evoked at the indicated times in seconds 
after the end of a conditioning tetanus (300/sec for 15 sec) to the FDHL+PL 
nerve. K-—O was from same preparation as A~E, but two PBST volleys evoked the 
DRR in GS nerve. The conditioning tetanus (300/sec for 15 sec) was applied as 
shown to the GS nerve and the times of the subsequent test volleys are shown 
in msec. Note time scales for each series. Body Sanperepare for A-E and K-O 
was 31°C, for F—J, 33°C. 
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post-tetanic potentiation observed for conventional reflexes (Lloyd, 1949; 
Keccles & Rall, 1951; Wilson, 1955). After the standard conditioning 
tetanus of 300/sec for 15 sec, potentiation of the DRR persisted for at 
least 60 sec; no significant potentiation survived at 107 sec in Fig. 4E. 
The asynchronous nature of the discharge has prevented any accurate 
assessment of the degree of potentiation and hence no attempt has been 
made to plot the time course. The initial period of post-tetanic depression 
has been described for the DRRs evoked by cutaneous afferent volleys 
(Koketsu, 1956; Eccles & Krnjevi¢, 19596), but post-tetanic potentiation 
of cutaneous DRRs has not been reported. 

When the DRR is large, post-tetanic potentiation is sisiailty not observed 
with the DRRs from muscle afferents. In two experiments tetanization 
of a muscle nerve was not followed by potentiation of the DRRs evoked by 
another muscle nerve. However, further investigation is desirable before 
it can be concluded that DRRs never exhibit the cross-potentiation some- 
times observed with the polysynaptic flexor reflex (Wilson 1955). 

When the conditioning tetanus was applied to the muscle nerve in 
which the DRR was recorded, there was sometimes a fairly large post- 
tetanic potentiation of the DRR. As is illustrated in Fig. 4F-I, the 
potentiation was always largest immediately after cessation of the con- 
ditioning tetanus, even within 1 sec; all potentiation had disappeared in 
Fig. 4J at 101 sec. A more common post-tetanic effect has been a lengthen- 
ing of the DRR, rather than a potentiation, which is seen by comparison 


_ between the control in Fig. 4F and the immediate post-tetanic records, 


G-I. Post-tetanic potentiation of the dorsal root potentials in cutaneous 
afferent fibres is a well attested phenomenon after tetanization of the 
recording afferent fibre (Woolsey & Larrabee, 1940; Lloyd, 1952; Eccles & 
Krnjevi¢é, 1959a), but no associated increase in the DRR has been 
described. 


Types of muscle afferent fibres producing DRRs 
Usually the PBST nerve exhibits an almost complete separation be- 


_tween the thresholds for the Ia and Ib afferent fibres respectively (Eccles, 


Eccles & Lundberg, 1957a; Laporte & Bessou, 1957). The best test of this 
separation is provided by the double-stimulation technique, where only 
those Group I afferent fibres not excited by the first stimulus can respond 
to a second stimulus that is just supramaximal for Group I and given about 
1 msec later. Thus in Fig. 5A, B the first stimulus excited a large fraction 
(about two thirds) of the Group Ia fibres when at strengths of 1:38 and 
1-64T respectively; yet, as shown in the corresponding records from the 


lateral gastrocnemius nerve, there was only a trace of DRR in both cases. 


The next strongest stimuli in Figs. 5A, B (1-70 and 1- 85T eee) 
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+ 
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were maximal for the Group Ia fibres, but excited very few Ib fibres. 
There was correspondingly a large increase in the DRRs, which presumably 
was due to the considerable addition to the Ia volley, rather than to the 
few Ib impulses. However, the increase to a maximum Ib volley, with 
stimulus strengths of 2-0 to 2-46T in A and 2-06 ot 3-06T in B, further 
increased the DRR. Thus it can be concluded that in Fig. 5 the DRR was 
evoked by both the Ia and Ib afferent volleys. In Fig. 5A the large DRR 
at 1-70T indicated that the Ia volley was more powerful than the Ib, 
though the Ia volley had to be about two thirds maximal before it evoked 
any DRR. The relative potency of the PBST Ia volley in this same 
experiment is also illustrated by comparing the upper with the second 
row of records in Figs. 6 and 7. In other preparations (cf. Fig. 5B) the 
Ib volley appeared to be more powerful than the maximum Ia volley, 
the 3:06T response being compared with the 1-85T response. However, 


A ib 


B Ib LG 
LG 


Fig. 5. Types of Group I impulses producing DRRs. In A single stimuli at the 
indicated strengths relative to threshold are applied to the PBST nerve and 
the dorsal root reflexes into LG nerve are in the right-hand column. In the left- 
hand column are, first, records produced by the PBST volley as it enters the cord 
through the L7 and § 1 dorsal roots, and secondly, the responses evoked by a second 
stimulus applied 1-3 msec later through the same electrode on the PBST and at 
a strength just supramaximal for Group I. For that stimulus strength the interval 
is briefer than the refractory period, so it only excites fibres not excited by the 
first stimulus, which is thus shown to be maximal for Group I at 2-46T, and 
respectively submaximal and maximal for Group Ia at 1-38 and 1-70T. Time scales 
are shown for each column. Body temperature 31°C. B is a similar series from 
another experiment with body temperature 34° C. It is to be noted that in A and B 
the DRRs were evoked by the single stimuli that gave the first responses in the dorsal 
_ root records. These latter records were taken just subsequent to the DRR series. 
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in producing DRRs the requirement of summation is so dominant that 
the relative magnitudes of the Ia and Ib contributions cannot be derived 
from series such as those illustrated; nevertheless, they establish that 
both the Ie, and Ib afferent impulses from muscle are concerned in the 
production of DRRs. | 

An invariable finding has been that increasing the stimulus beyond the 
maximal strength for Ib caused little or no further increase in the DRR, 
either in intensity or duration. For example, the stimulus strengths of 
3-1T and 4-0T in Figs. 5A and B respectively would have excited many 
of the Group IT afferent fibres, yet there was no appreciable increase in 
the DRRs. Evidently Group II and III afferent impulses from muscle 
are virtually ineffective in evoking DRRs in the large muscle afferent 
fibres. 


nerves 


+FOHIL 4 | msec 


Fig. 6. DRRs into nerves to the post-tibial extensor muscles. The respective record- 
ing nerves are specified above the columns and volleys producing the DRRs are 
indicated to the left of the top three rows. In the lowermost row the volleys are 
different for each column, as shown, being applied in each case through the three 
nerves to the post-tibial extensor muscles that were not used for recording. Stimuli 
just maximal for Group I were sokgaae to the PDP, MG, LG, PL and FDHL nerves. 
Body temperature 31° C. 


Hitherto the general properties of the DRRs discharged into muscle 
afferent nerves have been illustrated with examples in which afferent | 
volleys in the posterior biceps-semitendinosus (PBST) or peroneal (PDP) 
nerves evoked DRRs into the LGS, PL or FDHL nerves, as illustrated in 
the three upper rows of Fig. 6. Such DRRs are amongst the most readily 
evoked. When a systematic study was made of the DRRs discharged into 
many species of muscle nerves in response to many species of muscle 
afferent volleys, it was found that other muscle afferent volleys also could 
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produce DRRs, though they were always less effective than the PBST or 
PDP volleys. It was also found that any particular muscle afferent volley 
would produce DRRs in any muscle nerve with an approximately equiva- 
lent effectiveness, even into itself. For example, in Figs. 6 and 7 PBST 
volleys evoked large DRRs in LGS, PL, FDHL, P, and DP nerves. The 
smaller responses of the P nerve are at least in part attributable to the 
shunting by the superficial peroneal nerve which was left attached, but 
cut centrally. 
Recording Nerves 
p DP BST 


msec 


PBST la+ib| | PDP 


Fig. 7. DRRs into nerves to flexor muscles. The series are od as in Fig. 6, 
with recording nerves specified above each column, while the volleys producing the 
DRRs are specified just before each record. Except for the first two PBST 
volleys all volleys are evoked by stimuli just supramaximal for Group I. — 
temperature 31° C. 


The much lower effectiveness of Group I afferent volleys in the post- | 


tibial extensor muscles (GS, PL and FDHL) is seen in the lowest row of 
Fig. 6, where there are barely detectable DRRs in contrast to the large 
DRRs produced in the same muscle nerves (LGS, PL or FDHL), by the 
PBST or PDP volleys. Similarly, in the lowest row of Fig. 7 a combined 
afferent volley from these three post-tibial extensor muscles produced an 
extremely small DRR into DP or BST nerves, which contrasted with the 


' large DRRs produced by PBST or PDP volleys in the row above. 


Since a considerable summation of excitatory actions is required in 
order to evoke a DRR, a more sensitive test for the effectiveness of an 


afferent volley would be to superimpose it upon a conditioning afferent 


volley that alone produced a DRR. For example, in the series of Fig. 8 
a single PBST volley was employed for this purpose and superimposed 
thereon in C, G, K and O were single volleys in PDP, vastocrureus (VC), 
SMAB and GS nerves respectively. It is seen that each of these volleys 
increased the DRR above the PBST response in A, E, I, M, though with each 
alone (B, F, J, N) there was an appreciable DRR only to the PDP volley. 
It is further shown in D, H, L, P that brief repetitive stimulation (6 


volleys at 280/sec) was much less effective in displaying the ability to produce 
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DRRs than was summation with the PBST volley. By this method of 
summation it has been shown that Group I afferent volleys from all tested 
hind-limb muscles share to some extent the ability to produce DRRs in 
the muscle nerves of that limb. It has further been found that this effective- 
ness was not appreciably diminished when there was segmental separation 
between the afferent volleys and the muscle nerve in which the DRR was 
recorded. For example, PBST volleys entering the cord at the L7-S1 
level were very effective in evoking DRRs in the afferent fibres of vasto- 
crureus muscle, which have a segmental level of L5 to upper L6. 


PBST+PDP 
PBST 


PBST+VC. 


PBST+SMAB 
6SMAB 
| PBST J SMAB. L 


 PBST+GS 


Fig. 8. DRR production by maximum Group I afferent volleys from different 
muscles, A, B and C show DRRs into the FDHL nerve produced by single PBST, 
PDP and combined PBST and PDP volleys respectively. There is a large DRR 
in C and in D a much smaller DRR is produced by 6 PDP volleys at 280/sec. 
Note the dorsal root records insmediately below the DRR records. E-H, I-L 
and M-P are similar series for the VC, SMAB and GS nerves respectively instead 
of PDP. Body temperature 32° C. Same time scale for all records. 


In the cool cord Brooks & Koizumi (1956) found that cutaneous afferent 
volleys caused the discharge of DRRs into muscle afferent fibres and 
reciprocally that muscle afferent volleys produced DRRs in cutaneous 
nerves (cf. Eccles & Krnjevié, 19596). The present investigation has 
confirmed these earlier observations. For example, in Fig. 9A, B volleys 
in the cutaneous afferents, superficial peroneal (SP) and sural (S) evoked 
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DRRs into the FDHL nerve, and, in Fig. 9C, SP +S evoked a large DRR, 
though not so large as that produced by the most effective combination of 
muscle afferents in Fig. 9D. Muscle afferent volleys were less effective in 
evoking DRRs into cutaneous afferent nerves, but in Fig. 9K, F there were 
small DRRs both from VC +FDHL+PL+GS, and from PBST + PDP, 
into sural nerve. In contrast, SP produced a very large DRR (G), which 
was not appreciably increased by summation with a FDHL+PL+GS8 
afferent volley (H). Possibly the DRRs of E and F were due to Group II 


VC+FDHL 
E +PL+GS Ff PBST+PDP 


SP+FDHL+PL 
+GS$ 


Fig. 9. Interaction between cutaneous and muscle afferent pathways in production 
of DRRs. A-D, recording of DRRs from FDHL nerve and stimulation of SP, 8, 
SP +8 and PBST + PDP as indicated. Time scale above A. E—H same preparations 
as A~—D, but recording from sural nerve (8) and generating single volleys in the 
various cutaneous and muscle nerves as indicated: time scale below E. Tempera- 
ture of body, 34-5° C. 


afferent impulses from the muscles. Certainly, with DRRs into cutaneous 
nerves, PBST + PDP do not exhibit the much greater potency that obtains 
when their Group I afferent volleys produce DRRs in muscle nerves 
(cf. Figs. 6, 7, and 8). It is possible that it is the Group II components of 
the muscle nerves that evoke the small DRRs into cutaneous nerves 
(Fig. 9E, F); further investigation is required. 


Type of muscle afferent fibre responding in the DRR 
Toennies (1938) showed that DRRs occur in myelinated cutaneous 


afferent fibres ranging from the largest down to the delta fibres. Brooks & 


Koizumi (1956) also found that relatively small medullated fibres were 
concerned both in. the inward and outward paths of the DRR. Fibres 
with conduction velocities below 30 m/sec were apparently not involved 
in DRRs into mixed cutaneous and muscle nerves such as peroneal or 
posterior tibial. Three different methods have been employed in attempting 
to identify the muscle afferent fibres conveying the impulses of the DRR. 

(1) The outgoing impulses of the DRR will block afferent impulses 
travelling in the opposite direction in the same fibres. If an afferent volley 
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is set up peripherally in the muscle nerve at an appropriate time relative 
to the discharge of the DRR, there will be a deficit in its spike as recorded 
by an electrode in contact with the dorsal root. For example, in Fig. 10A 
the spike produced by a Group I afferent volley from GS nerve was only 
about half the control size when it was evoked by a stimulus applied 
11-7-15:5 msec after a PBST afferent volley; hence the DRR must have 
discharged along about half of the Group I afferent fibres. When the stimu- 
lus to the GS nerve was weakened so that it would be exciting mainly 
Group Ia fibres (Eccles et al. 1957a), the spike in the dorsal root was 


almost completely abolished over the same range of intervals (Fig. 10B). 


PBST—> ta+lb 


65 
PBST—* GS_ la msec 


65 

Fig. 10. Blockage of afferent volleys by DRR. In A a stimulus maximal for Group 
I was applied to the gastrocnemius nerve giving the control spike C in the L7 
dorsal root as it enters the cord. In the other records it was preceded by a maximum 
PBST volley at the intervals indicated in msec. Note the depression of the GS spike 
at all testing intervals from 6-5 to 17-0 msec, with a maximum depression at 
11-7 msec. B is a similar series, but the stimulus to the gastrocnemius nerve was 
weakened so that it would excite virtually only Group Ia fibres. Body tempera- 
ture 33-5° C. 


Evidently the surviving dorsal root spike in Fig. 10A was in the higher 
threshold component of Group I, i.e. the DRR was predominantly in the 
Group Ia afferent fibres of the GS muscle and to a lesser degree in the 
higher threshold Group Ib fibres. Similar results were invariably obtained 
in this type of experiment, but it must not, therefore, be concluded that 
DRRs do not occur in Ib afferent fibres. The threshold discrimination 


between La and Ib afferent fibres is not sufficiently good to justify any 


such exclusive statement (cf. Eccles et al. 1957a; Laporte & Bessou, 1957). 

(2) An alternative method for identifying the afferent fibres conveying 
outgoing impulses in the DRR is to record the DRR in them by an intra- 
cellular electrode, as has been done previously for cutaneous afferent 
fibres (cf. Frank & Fuortes, 1955; Koketsu, 1956; Wall, 1959; Eccles & 
Krnjevi¢, 19596). The origin of the impaled muscle afferent fibre has been 
determined by stimulating the various muscle nerves and finding the one 
which directly generated a spike potential. This test invariably gave an 
unequivocal identification. There was no example of an afferent fibre in 
the spinal cord that was directly activated from two different muscle 
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nerves. Eight of the 16 Group Ia fibres sampled by this technique 


exhibited DRR discharges, as is seen in Fig. 11C—E. Usually there were | 


only one or two discharges, which tended to occur at certain preferred 
intervals. For example, in Fig. 11E there was a single DRR discharge 
at the time of the second discharge in C and D. DRRs were also observed 
in 4 of the 23 muscle afferent fibres that were identified as being in Group Ib 
both by their high threshold and slightly slower conduction velocity. 


msec F __msec msec 


Fig. 11. Recording of DRRs by a micro-electrode inserted into primary muscle 
afferent fibres in the spinal cord. A~—E, records from afferent fibre that was pre- 
sumed to be Ia type on account of its low threshold as shown in record A, where 
stimulus just-threshold for the fibre (note failure of spike in many of the super- 
posed tracings) excited also only a small afferent volley, as shown in upper record 
of A, negativity being recorded downwards. B shows a maximum Group I 
volley. In C-E are DRRs produced in that fibre by a combined PBST + PDP 
volley. Dorsal root records are shown, above the intracellular records with 
their two DRR spikes, in C and D. In E the same volley produced only a single 
DRR impulse at the time of the second impulses in C and D. Note separate time 
scales for A, B and for C, D, E. F-J represent a similar series to A—E, but for a 
presumed Ib afferent fibre from gastrocnemius, because as shown in F its threshold 
stimulus was almost maximal for Group I, as may be seen by comparing the 
dorsal root spikes in F and G. In H-J two or three impulses were generated in 
this fibre by a brief tetanus of 4 PBST volleys at 270/sec. Body temperatures 
were 31° C for A-E and 36° C for F—J. 


For example, in Fig. 11, F and G provide evidence for the identification 
as a high-threshold gastrocnemius Ib fibre and in H—J repetitive DRRs are 
seen to be evoked by 4 PBST afferent volleys at 270/sec. In addition 
DRRs were observed in 5 of the 9 fibres that could have been either Ia or 
Ib. Three Group IT muscle afferent fibres were also impaled and 2 of these 
showed DRR discharges. It can be concluded that DRRs may occur into 


any of the large afferent fibres of muscle, though the Group Ia fibres may 
be predominantly involved. 
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(3) If the DRR occurs in Group Ia afferent fibres, it would be expected 
that monosynaptic EPSPs would be produced in the appropriate moto- 
neurones. For example, in Fig. 12B PBST volleys of the strengths and 
composition indicated in the three tests of Fig. 12 A evoked the discharges 
of DRRs in the medial gastrocnemius nerve. Immediately above these 
DRRs are intracellular records simultaneously observed from a gastro- 
cnemius motoneurone. It will be seen that motoneuronal depolarization 
began abruptly less than 1 msec before the onset of the DRR spikes in 
the peripheral nerve. This is precisely the time relation to be expected for 
the monosynaptic production of EPSPs by Ia impulses that are generated 
in the spinal cord close to the presynaptic terminals on the motoneurones. 


0-14/sec 1.0/sec 10-0/sec 


Fig. 12. EPSPs of motoneurones produced by DRRs. In column A are shown tests, 
as in Fig. 5, for the composition of PBST volleys generated by stimuli of strengths 

_ 45, 2-1 and 2-8 times threshold respectively. In columns B—D the upper traces 
are intracellular records from a LG motoneurone, while the lower traces are DRRs 
recorded from the MG nerve, for these three sizes of afferent volleys (cf. Fig. 5). 
Note that the principal wave of motoneurone depolarization begins less than 
1 msec before the DRR appears in the peripheral nerve (see text). With column B 
the repetition frequency was 0-14/sec; while with C and D it was 1-0 and 10-0/sec 
respectively and the records consist of superposed sweeps. Further description 
in text. Body temperature 34-5° C. ” 


This identification was confirmed by the tests at higher frequency of 
repetition in Fig. 12C and D. At 1/sec the DRR was much diminished and, 
correspondingly, so was the motoneuronal depolarization that occurred 
simultaneously. At 10/sec there was no DRR and the intracellular records 
show only the small earlier depolarization which also occurred in B and C, 
and which was probably due to the polysynaptic excitatory action of the 
PBST afferent volley. This method of testing has certainly confirmed 
that DRR discharges occur in Group Ia muscle afferents, but so far it has 
provided no evidence for or against the participation of Group Ib fibres 
in the DRR. | 
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Recurrent impulse discharges into muscle nerves 

When stimulating one muscle nerve and recording from another, it 
has sometimes been observed that a muscle afferent volley evoked the 
discharge of an impulse in a muscle afferent fibre by an entirely different 
mechanism from that producing the DRR. This discrimination was never 
in doubt, for it was made on the grounds both of the fixed latency of 
response and of the high frequency at which the discharge followed repeti- 
tive afferent volleys, even up to 300/sec or more, whereas the DRR fails 


- even at 10/sec (Fig. 3). A further feature of recurrent discharges is that 


they often occur reciprocally, i.e. they still appear after reversal of the 
stimulating and recording nerves. This recurrent discharge may be 
attributed either to the existence of a branched axon, such as has been 
postulated by Barron & Matthews (1935) and Habgood (1953), or to 
ephaptic transmission in the spinal cord. With most of the recurrent — 
discharges the delay in the spinal cord has been about 1-5-2 msec, which 
is just sufficient for conduction up to and down from the level of the cord 
section; hence such recurrent discharges are most likely attributable to 
ephapses made by the cord section (Renshaw & Therman, 1941).. However, 
there have been three examples with central latencies too brief for such 
a pathway. For example, in Fig. 13 the conduction time was 3:1 msec 
whether it was measured for conduction from FDHL to PBST (D) or — 
reciprocally (B). The threshold tests A and C show that the recurrent 
impulse was generated by Ib and Ia afferent impulses in the PBST and 
FDHLnervesrespectively. The shortest conduction times up to the recording 
electrode on L.7 DR at its cord entry were 1-7 msec for the FDHL Group I 
volley and 1-05 msec for the PBST Ib afferent volley; hence the central 


~ delay for the discharge of the recurrent impulse was not more than 0:35 msec. 
Transmission from one fibre to the other must have occurred close to their: — 


entry into the spinal cord, either by some ephaptic contact or by branching. 
As previously mentioned there was no example of an impaled fibre that 
could be activated directly from two muscle nerves, but only 51 fibres 
were impaled, whereas the few recurrent discharges were picked out from 
observations on many thousands of Group I muscle afferent fibres. The 
rarity of recurrent discharges with short central latency was also reported 
by Habgood (1953), there being only two examples in at least 2000 large 
afferent fibres. Possibly these recurrent discharges occur in collateral 
branches of primary afferent fibres, as postulated by Barron & Matthews 
(1935), but the existence of such branches has been doubted on histological 
grounds.{Westbrook & Tower, 1940). A remote possibility that has not 
been excluded is that these brief-latency recurrent discharges are occurring 


not in afferent fibres, but i in the motor fibres through ephapees that were 
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made by the ventral root section in the initial preparation (D. R. Curtis, 
personal communication). It would, however, be surprising if a motor 
fibre had the very low threshold exhibited in Fig. 130. 


'B D | 
msec 
_ Fig. 18, Recurrent discharges between muscle afferent fibres. In A and B stimuli 
were applied to PBST nerve and the upper records are from FDHL nerve. With 
a maximal Group I volley there is a spike in FDHL nerve witha latency of 3-1 msec. 
_ As shown in the dorsal root record of A, the threshold stimulus for producing this 
spike was in the Ib threshold range. Immediately afterwards the stimulating and 
recording electrodes were reversed and reciprocal conduction with exactly the 
same latency is seen in D, while in C the threshold for the fibre in the FDHL nerve 
is seen to be in the low-threshold Ia range. Note that all records are formed by 
the superposition of many faint traces and there is a small latency range with 
the just-threshold stimulation in A and C, which is attributable presumably to 
variations in latency at the site of stimulation. Body temperature 38° C. 


DISCUSSION 


The demonstration of the widespread incidence of dorsal root. reflexes in 
muscle afferent fibres reveals a hitherto unsuspected richness of interaction 
between these fibres in the spinal cord. Admittedly in the present in- 
vestigation this could be fully demonstrated only in the cooled animal. 
However, the generation of impulses is a threshold phenomenon; in some 
manner not yet understood (cf. Brooks et al. 1955; Brooks & Koizumi, 
1956) cooling lowers the threshold for the reflex discharge of impulses 
from the spinal cord along both ventral and dorsal roots. Thus the DRRs 
of the cooled preparation give evidence that at normal body temperature 
there is a subthreshold depolarization of the primary afferent fibres of 
muscle, Indeed, even at normal or raised body temperature this depolariza- 
tion occasionally was adequate to generate the discharge of impulses 
(Figs. 1A-C, G-I; 2A—D; 3I-L). More direct evidence for this depalariza- 
tion will be provided in later papers, but the present investigation is of 
value because it demonstrates the existence of the depolarization in the 
absence of experimental interference with the spinal cord. 

_ The most interesting feature is the much greater effectiveness of the 
PBST and PDP volleys in producing DRRs. It is not possible to attribute 
this to the greater population of Group I fibres in the nerve to these flexor 
muscles. According to Rexed & Therman (1948), Group I fibres form 
a. larger proportion of the afferent fibres of extensor muscles than of flexor 
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muscles (cf. Lloyd & Chang, 1948), and this preponderance extends also 
to the proportion measured relative to the total afferent plus efferent 
fibre population ; hence the potency of Group I flexor afferents in producing 
DRRs must be due, not to numerical dominance, but to the more effective 
central action of the individual fibres. For example, the Group I afferent 
volley from the whole assemblage of post-tibial extensor muscles (GS + PL + 
FDHL) is much larger than that from PBST, and still larger than that 
from PDP, yet it was always much less effective in evoking DRRs 
(Figs. 6, 7, 8). Even at a cord temperature as low as 30° C a maximum 
Group I volley in the G8 +PL+FDLH nerves produced either no DRR 
or a DRR in very few afferent fibres of any other muscle nerve, whether 
a flexor or extensor. Group I volleys in the nerves to the hip and knee 
extensor muscles (SMAB and Q respectively) were also relatively in- 
effective in generating DRRs (Fig. 8E-L). As an approximate estimate, 
it may be stated that for Group I volleys of the same size a volley from 
flexor muscles is more than three times as effective in evoking a DRR as 
that from extensor muscles. Possibly, this relative potency of Group | 
volleys from flexors is related complementarily to the relative impotence 
of flexor Group Ib volleys in acting on motoneurones through polysynaptic 
pathways (Eccles, Eccles & Lundberg, 19576); their central pathway is 
channelled more to interneurones concerned in the DRR than to those 
acting on motoneurones. It should be pointed out that the production of 
DRRs from hip flexor nerves has not been investigated, though investiga- 
tions of the potentials which such volleys generate in the cord and in the 
dorsal roots indicate that they would be less effective in evoking DRRs 
than the knee or ankle flexors (Eccles, Magni & Willis, — 
observations). 

Discussion of the present experimental results on interaction between 
afferent volleys in the same or different muscle nerves is best postponed 
until they can be correlated with experimental observations on depolariza- 
tions of the Group I afferent fibres in the spinal cord (Eccles, Magni & 
Willis, unpublished observations). The abrupt cessation of the DRR soon 
after the onset of a prolonged repetitive stimulation (Fig. 2J—M) is 
probably attributable in part at least to accommodation of the primary 
afferent fibre to a continuous depolarization.’ The depression of successive 
responses even at repetition rates as slow as 0-2—0-5/see (Fig. 3) requires 
a more complex explanation. An important factor probably is the long 
time needed for full recovery of propagation through interneuronal 
pathways. It is expedient to defer further discussion to a later paper 
dealing with the interneuronal pathways. Discussion of the post-tetanic 
potentiations of DRRs, as illustrated in Fig. 4, will also be postponed to 
the later paper dealing with the depolarization of primary afferent fibres. 
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. Finally, it can be stated that there is no evidence that DRRs are pro- 
duced under normal physiological conditions by the discharges of the 
annulospiral endings or Golgi tendon organs. Their present significance 
derives from the evidence they provide for central interaction between 
muscle afferent fibres. It will be shown in subsequent papers that this 
central mechanism is of great interest and importance in relation to the 
control of reflex activity of the spinal cord. 


SUMMARY 


1, Particularly in the cooled animal (cat) muscle afferent volleys evoke 
reflex discharges into muscle afferents, which in general resemble the 
dorsal root reflexes (DRRs) of cutaneous afferents. 

2. At brief intervals volleys sum in the production of DRRs, but beyond 
10 msec there is a prolonged depression, so that rapid repetitive stimulation 
evokes only a transient DRR and DRRs are depressed when evoked at 
frequencies higher than 0-2/sec. 

3. After prolonged high-frequency stimulation there is usually post- 
tetanic potentiation for at least 60 sec. Post-tetanic potentiation is also 


observed after tetanization of the afferent carrying the DRR. 


4. Both Ia and Ib afferent volleys are effective producers of DRRs, 
Groups IT and IIT having little or no action. Knee and ankle flexor 
afferents are much more effective than afferents from extensor muscles. 

5. The DRRs occur equally well into the large afferent fibres of flexor 


_ and extensor muscles, but there is evidence that the Group Ia fibres are 


more involved than the Ib. 

6. Preliminary observations show that in the production of DRRs 
there is also some reciprocal action between cutaneous and muscle afferent 
fibres. 

7. Fhe DRRs are readily distinguished from the very rare recurrent 


_ discharges from one afferent fibre to another. These ea are due 


either to an ephapse or to branching. 

8. The preponderant action of flexor afferent vollees is attributable 
not to numerical dominance of fibres, but to the more effective action of 
the individual flexor afferents. There is a preliminary discussion also of 
other features of the central interaction between muscle afferent fibres. 
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Frank & Fuortes (1957) and Frank (1959 and personal communication) 
have shown that muscle afferent volleys produce inhibition by diminishing 
the size of the monosynaptic excitatory post-synaptic potential (EPSP) 
of motoneurones without having any other demonstrable action on those 
motoneurones. Thus there was no change in the ionic permeability of the 
post-synaptic membrane, such as occurs with other types of inhibition 
(Coombs, Eccles & Fatt, 1955a), for there was no associated membrane 
potential change either. at the normal resting potential, or when the mem- 
brane potential was altered by a background depolarizing or hyperpolarizing 
current. Furthermore, there was no associated change in motoneuronal 


excitability as tested either by the intracellular application of current 


pulses or by the response to invasion by an antidromic impulse in the 
motor axon. Evidently it should be concluded that the diminution of the 
EPSPs is due to a diminished excitatory action of the Group Ia presynaptic 
impulses. However, Frank (1959) in addition proposed an alternative 


explanation, which attributed the EPSP depression to an action exerted so” 


far out on the dendrites of the motoneurone that no trace of the inhibitory 
influence itself could be detected by a micro-electrode in the motoneuronal 


soma. Since both these alternative explanations would locate inhibitory — 


action at a site remote from the motoneurone soma, Frank (1959) employed 
the term ‘remote inhibition’ for the phenomenon. It is proposed here to 
use the non-committal term ‘EPSP depression’ instead, until a more 
appropriate term can be developed later in this paper. 

There are many suggestions in the literature that central inhibitory 
action occurs in the presynaptic pathway, there being block or depression 


of presynaptic excitatory impulses (Barron & Matthews, 1935, 1938; . 


Renshaw, 1946; Brooks, Eccles & Malcolm, 1948; Howland, Lettvin, 
McCulloch, Pitts & Wall, 1955). These various suggestions will be examined 
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after an account has been given of the present investigation, which con- 
firms and extends the pioneer studies of Frank & Fuortes (1957) and Frank 
(1959). A preliminary report has already been published (Eccles, Eccles & 
Magni, 1960a), and reference to this work has also been made in lectures 
(Eccles, 1961a, b) already published. 


METHODS 


The experimental procedures conformed to the conventional pattern as reported in 
previous publications from this laboratory and in the preceding paper (Eccles, Kozak & 
Magni, 1961), which also may be referred to for the symbols corresponding to the various 
nerves (see this volume, p. 129). In some experiments the temperature of the animal was 
kept as low as 34° C, because larger EPSP depressions were observed under these condi- 
tions. The temperatures given in this paper were recorded by a thermometer inserted under 
the scapula and just outside the thoracic cage. Usually the temperature of the oil pool 
over the cord was 2 or 3° C cooler. 


RESULTS 
_ Time course of EPSP depression 

The time course of onset of EPSP depression is illustrated in Fig. 1 B—D, 
where a maximum Group I volley in the nerve to posterior biceps and 
semitendinosus (PBST) preceded at progressively increasing intervals the 
testing volley in gastrocnemius soleus (GS) nerve that by itself set up the 
monosynaptic EPSP shown in A. The EPSP depression is seen to increase 
from a negligible action at a brief interval (2-5 msec in B), to a large effect 
at 10-2 msec in D. The diminution of the EPSP was not associated with 
any change in its time course, nor did the conditioning volley produce any 
appreciable change in the membrane potential of the impaled gastro- 


cnemius motoneurone, as may also be seen in Fig. 2C-E. Measurements © 


from the series partly illustrated in Fig. 1 A—D are plotted in E to show 
all except the final stages of the time course of the EPSP depression. 
The depression of the EPSP in Fig. 1 was much larger than that usually 
observed for a single afferent volley, which often was only 10% or less, 
as illustrated in Fig.2A. Much larger depressions are produced by 


repetitive afferent volleys.. For example, 2 volleys at 3-7 msec interval | 


doubled the depression (records of Fig. 2B-E, plotted in F), while with 
7 volleys at 270/sec the depression was increased nearly threefold (Fig. 2G), 
and had a slower time course of decay. 

As is shown in Figs. 1E and 2F, G, the onset of the EPSP depression 
- has been gradual, and no precise latency can be given; but usually a 
significant depression occurred with testing intervals as brief as 5 msec. 
The maximum depression occurred with test intervals of 15-20 msec. The 
time course of Fig. 1 E would be prolonged on account of the abnormally 
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low temperature (34-5°C), but even at 37°C (Fig. 2G) the eee 
persisted beyond 200 msec. 
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Fig. 1. Time course of EPSP depression. In A—D the lower records give mono- 
synaptic EPSPs intracellularly recorded from a gastrocnemius motoneurone, and 
evoked by maximal Group.Ia volleys in the GS nerve. In the upper records are the 
potentials recorded from the L7 DR as it enters the cord, negativity being recorded 
downwards. All records are formed by superposition of about 5 traces recorded at 
a frequency of repetition of about 2/sec. A shows the control EPSP, and in B-D 
the GS volley was preceded by a maximum Group I PBST volley at the intervals 
marked in msec. The depression of the EPSP was small in B and large at the longer 
intervals, C, D. The time course of the depression is displayed in E, where the 
ordinates are the sizes of the EPSPs plotted as percentages of the control EPSPs, and 
the abscissae the intervals after the conditioning PBST volley. The perpendicular 
lines denote changes in the abscissal scaling. Body temperature 34-5° C. 
* 


Types of afferent impulses giving EPSP depression 
In agreement with Frank & Fuortes (personal communication), such 
investigations as those of Figs. 1 and 2 establish that EPSP depression 
is due to Group I volleys. It is therefore of particular interest to discover 
if EPSP depression is due to’a specific property of the Ia or of the Ib 
impulses, For this purpose the PBST nerve was especially suitable, 
because often an almost complete threshold separation is possible (Bradley 
& Eccles, 1953; Eccles, Eccles & Lundberg, 1957a; Laporte & Bessou, 
1957). The experimental investigation is illustrated in Fig. 3, where © 
conditioning volleys in the PBST nerve were evoked by a wide range of 
stimulus strengths as illustrated by A-D, E-H, I-L and M-O, and their 
actions tested against the monosynaptic EPSPs produced in a gastro- 
cnemius motoneurone by a maximum Ia GS volley 20-5 msec later (Fig. 3 P), 
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the control EPSPs being shown in B, F, J and N. Immediately after this 
series the conventional tests were applied (cf. Fig. 3D, H, L) in order to 
determine the Ia-Ib composition of the conditioning afferent volleys 
evoked by the various strengths of stimuli. The curves for percentage 
_ Ia-Ib composition of the afferent volleys set up by the stimuli of the 
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Fig. 2. Time courses of EPSP depression produced by one or more conditioning 
volleys. Monosynaptic EPSPs produced in a plantaris motoneurone, membrane 
potential —75 mV, by a maximum Ia plantaris volley and depressed by 1, 2, or 7 
maximum Group I PBST volleys. A, plotting of depression by a single PBST 
volley as in Fig. 1 E, but illustrating the much smaller depression usually observed. 
B-—E show records as in Fig. 1A—D, but for depression by two PBST volleys 3-7 
msec apart, F showing the plotted points for the whole series. With G there is a simi- 
lar plotting after conditioning by 7 PBST volleys at a frequency of 270/sec. With all 
records the frequency of repetition was 0-5/sec. Body temperature was 37° C. 
With F and G zero time corresponds to first PBST volley. 


various strengths are plotted in Fig. 4B, as has been done previously 
(Eccles e¢ ai. 1957a). When the EPSP depression is plotted on the same 
abscissal scaling (Fig. 4A), it is seen that almost all of this depression came 
in at a range of stimulus strengths which corresponded closely to the Ib 
range, there being only a negligible effect over the Ia range. 

However, this almost exclusive relationship of Ib to EPSP depression 


was, unusual, and Fig. 5E' shows clearly two steps in the size of the 
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depression as the conditioning stimulus was increased. The component 
attributable to the Ib volley was only a little larger than that due to the 
Ia volley (Fig. 5E). Most of our series have conformed to Fig. 5 in showing 
that a substantial component of the EPSP depression was due to Ia 
impulses, and with some the Ia component was even a little larger than 
the Ib. So far as has been determined, the EPSP depressions produced 
by Ia volleys (cf. Fig. 5C) were similar in every respect to the depressions 
produced by the combined Ia-Ib volleys (Fig. 3E-H). 

In Figs. 3 and 4A there was no further increase in the EPSP depression 
when the stimulus was increased to 4 or 8 times threshold, so as to 
add Group II and III impulses to the conditioning volley. In Fig. 5E 
it appeared that somewhat larger depression was produced when the 


1-93 T 4-0T 8-0T 


msec 
Fig. 3. Type of muscle afferent fibre responsible for EPSP depression. As is 
shown in P, the conditioning PBST volley preceded the monosynaptic EPSP 
of the gastrocnemius motoneurone (membrane potential, — 80 mV) at a fixed inter- 
val of 20-5 msec. The conditioning volley was set up by stimuli of varying strengths 
up to 8 times threshold (8 T) and specimen records of the conditioned EPSPs (set 
up by maximum Ia GS volleys) are shown in 4 columns at the indicated strengths: 
A-C being for 1-53T, E-G for 1-93T, etc. In each series a control EPSP (CON) is 
shown between two conditioned EPSPs. Note the expanded time scale of these 
EPSPs relative to that of P. Each record is formed by the superposition of about 
10 faint traces at 2/sec. The Ia composition of the PBST conditioning volley used 
in each vertical column was tested by the double-volley technique (see Eccles e¢ al. 
1957a, and preceding paper, Eccles et al. 1961) and the result illustrated in D, H 
and L. Thus a testing stimulus 0-75 msec after the conditioning found that vir- 
tually all Ia and no Tb fibres were refractory in D, while in H about half Ib fibres 
were refractory and in L all Ia and Ib were refractory. 
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conditioning stimulus was increased from maximal for Group I (2-2T) to 
3-2 and 4-0T, but it may be doubted if this effect is significant. So far 
there has been no convincing demonstration that Group II and III 
afferent impulses are effective in producing EPSP depression. 
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10T 12T 14T 16T 18T 20T 22T 24T 
Fig. 4. Types of muscle afferent fibre responsible for EPSP depression. A. The © 
sizes of the conditioned EPSPs partly illustrated in Fig. 3 are expressed as per- 
centages of the control EPSPs and plotted as ordinates against the stimulus 
strengths relative to threshold as abscissae. In B the sizes of the Ia and Ib com- 
ponents of the conditioning afferent volleys (PBST) were measured from records 
such as Fig. 3D, H, L, and expressed as percentages of the maximal size, exactly as _ 
was done by Eccles et al. (1957a). Note that the abscissal scalings of A and B are 
identical. 


EPSP depression by repetitive nerve volleys 
When the EPSP depression was tested during repetitive stimulation 
of the conditioning afferent nerve, there. was a rapid increase in the de- 
pression, as indicated in Fig. 6A, a maximum value being reached with a 
very few impulses. After cessation of the train of conditioning volleys 


there was a fairly rapid decline of the EPSP depression, as indicated in 


the records of Fig. 6B—E, but full recovery could take more than 1 sec 
(Fig. 6F). 
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When repetitive stimulation was continued after the maximum EPSP 
depression had been attained, there was usually a slow decline over several 
seconds, but eventually the depression tended to stabilize at some inter- 
mediate level. For example, Fig. 7B, C, D illustrates the EPSP depression 


10 12 14 #16 #418 #20 22 24283234640 
Stimulus strengths 


---- 


12 


Fig. 5. Types of muscle afferent fibre responsible for EPSP depression. In B-D a 
conditioning PBST volley was evoked by stimuli of the indicated strengths relative 
to threshold and followed at a fixed interval (9-0 msec) by a monosynaptic EPSP 
produced by a maximum Group Ia gastrocnemius volley in the same gastrocnemius 
motoneurone as in Fig. 1. The points in E and F are plotted as in Fig. 4A, B. Note 
that in contrast to Fig. 4, a considerable EPSP depression was produced by a 
Group Ia afferent volley, i.e. with stimulus strengths up to 1-6T. Body tempera- 
ture 345° C. In E the larger plotted points up to 2-0T are means of two or three 
records. 


at 5, 10 and 20 sec after the onset of repetitive stimulation of the PBST 
nerve at 300/sec, while Fig. 7G, H, I gives a similar series for repetitive 
PDP stimulation. Measurements from these and other similar tests on 
this same EPSP are plotted in Fig. 7E and J, and show that the weaker 
depression produced by the PDP volleys is less well maintained than the 
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PBST depression. The very large depression in another experiment (Fig. 7K) 
was well maintained even during 60 sec tetanization. 

Summation of the depressant actions of repetitive volleys has been 
illustrated in Figs. 2 and 6 for high-frequency stimulation at 270 and 210/ 
sec respectively. In Fig. 8A—E the frequency of the conditioning tetanus 
was varied. As is shown in the plotted curve (F), more than half of the 
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Fig. 6. Time course of EPSP depression during and after repetitive conditioning 

' volleys. The PBST nerve was stimulated for 109 msec at a just-supramaximal 
strength for Group Ia and at a frequency of 210/sec (22 volleys). The EPSP depres- 
sion was measured by the size of the maximum monosynaptic EPSP set up by a 
gastrocnemius volley in a gastrocnemius motoneurone. A shows the rapid increase 
of the depression during the stimulation. B-—E show specimen records (two super- 
imposed traces) of the control EPSP (B) and at the intervals (indicated in msec) 
after the end of the conditioning tetanus. The time course of recovery from the © 
depression is shown by the plotted points of F for the whole series that was partly 

_ illustrated in B—E. In order to allow time for full recovery there was an interval of 
2 sec between each conditioning tetanus, and there was, of course, only one testing 
EPSP after each tetanus. Body temperature 34-5° C. ) 


maximum depression was produced by a frequency of 65/sec, and there 
was little further increase above 200/sec. Figure 8G—K shows much the 
same frequency dependence for the very large depression illustrated in 
Fig. 6. 

Besides thus producing a deep and long-lasting EPSP depression, a 
prolonged tetanization of the conditioning nerve also resulted in a typical 
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post-tetanic potentiation of the EPSP depression produced by a single 
conditioning volley. For example, in Fig. 9, following the control records 
of the depressed EPSP (A) and of the EPSP alone (B), there was a long 
tetanus of the conditioning nerve. Two seconds later there was still a 
small residual depression of the EPSP alone in one control response of D 
(cf. Fig. 6F’). The conditioning volley exerted a greatly increased depression 
(C), as may also be seen at 12 sec (E, F), and even to a small extent at 
90 sec (G, H). The full time course of the post-tetanic potentiation of 
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; Fig. 7. EPSP depression during prolonged tetanization of the conditioning afferent 

bs nerve. The GS nerve was stimulated continuously at 5/sec at a strength supra- 

maximal for Group Ia and the EPSPs were recorded intracellulariy from a gastro- 

cnemius motoneurone (membrane potential, —70 mV), there being four super- 

7 imposed traces in each record of A-D and F-I, A and F being the control EPSPs. 

After record A the PBST nerve was stimulated at 300/sec at a strength sufficient 

to maintain it supramaximal for Group I during a prolonged tetanus. After 5 sec 

conditioning tetanus the EPSPs were still depressed (B), as also at 10 and 20 sec in 

_. Cand D during this same conditioning tetanus. E gives the plotted points for these 

records and for one other series taken just afterwards. A similar series of traces 

for depression of the same EPSP during a PDP tetanus at 300/sec is shown in GI 

‘ and plotted iri J along with two other series on the same EPSP. It is seen that the 

depression is less well maintained than during the PBST tetanus. Body tempera- 

ture 37°C. In K the EPSP depression is seen to be even better maintained than 

in E. This is also for a PBST tetanus at 220/sec on to an EPSP of a gastro- 
cnemius motoneurone. 
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the EPSP depressant action (Fig. 91) exhibited a relative potentiation and 
a duration comparable with that observed for monosynaptic actions after 
a similar conditioning tetanus (Eccles, Krnjevié & Miledi, 1959; Curtis & 
Kecles, 1960). 
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Fig. 8. Effect of frequency of conditioning stimulation on intensity of EPSP depres- 
sion. A-—F, specimen records and plotted curve of EPSP depression produced on 
the monosynaptic EPSP of a gastrocnemius motoneurone (membrane potential, 
—35 mV) by maximum Group I PBST volleys at various frequencies. A gives 
control EPSP and in B-E the EPSP was photographed after a brief duration 
(about 1 sec) of the conditioning tetanus at the indicated frequencies. Thus the 
depression was recorded before there had been the decline shown in Fig. 7. The 
EPSP were recorded at a repetition frequency of about 20/sec, and each record of 
A-—E was formed by the superposition of about 10 faint traces. The traces above 
the EPSPs show that there was no appreciable change in the sizes of the gastro- 
cnemius afferent volleys as recorded from the I.7 dorsal root at cord entry. The 
plotted points of F are for the series partly illustrated in A-E. Body temperature 
37° C. G-K give specimen records of control EPSP and depressed EPSPs at the 
stated frequencies of condititioning tetani for the same motoneurone as Fig. 6, 


while L gives the curve for EPSP depression—frequency relationship. Body tem- 
perature 34:5° C. Same time scale for A-E and G—K. 
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Fig. 9. Post-tetanic potentiation of EPSP depression. A and B illustrate the 
control level of EPSP depression (A/B) produced by a maximum Group I PBST 
volley on the monosynaptic EPSP of a gastrocnemius motoneurone (membrane 
potential, —75 mV). After a conditioning PBST tetanus (of 400/sec for 12 sec) 
a much larger depression, C/D, was produced by the PBST volley, as also at 12 sec 
post-tetanically, E/F; but at 90 sec there was recovery (G/H) almost to the pre- 
tetanic ratio, Testing EPSPs were evoked every 2 sec, there being two superimposed 
in each trace, and the control EPSPs (D, F and H) were usually taken in alter- 
nating sequence. These controls were remarkably steady except for the depression 
of the first one after the conditioning tetanus (one record of D). The series partly 

_ illustrated in A—H is fully plotted in I to show the time course of the post-tetanic 
potentiation of the EPSP depression. | 


EPSP depression in relation to the various species of muscle 
Hitherto EPSP depression has been illustrated and discussed in relation 
to the actions of PBST volleys on monosynaptic EPSPs of gastrocnemius 
and plantaris (Fig. 2) motoneurones. With this arrangement there is the 
advantage of having large depressions, and in addition the tests are 
generally free from complications by the various actions of Group I 
afferent volleys that occur by the conventional synaptic pathways. PBST 
Group Ia volleys usually exert no excitatory or inhibitory action on GS 
and PL motoneurones (Eccles, Eccles & Magni, 19605), and in only about 
one quarter of gastrocnemius motoneurones have Group Ib PBSTxvolleys 
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any excitatory or inhibitory action (Eccles, Eccles & Lundberg, 19575). 
By taking advantage of these favourable conditions, it has been possible 
to establish many of the distinguishing features of EPSP depression; as 
a consequence it can be recognized even when the conditioning volleys 


exert post-synaptic inhibitory or excitatory actions on the motoneurone 


under observation. The very long duration of the EPSP depression is of 
particular value in this respect. It is justifiable to assume that no other 
Group I actions continue beyond 25 msec in the isolated spinal cord under 
sodium pentobarbital anaesthesia. Furthermore, during rapid repetitive 
- stimulation the polysynaptic actions of Group Ib volleys rapidly diminish 
and even disappear. 

The simplest method of surveying the relative potencies of afferent 
volleys from different muscles in depressing the monosynaptic EPSPs 
of motoneurones is illustrated in Fig. 10. The EPSPs are generated by 
stimulating the appropriate afferent nerve at 5/sec and are recorded by 
superimposition of about 3 or 4 faint traces. The conditioning nerve is 
stimulated at 300/sec and the EPSPs are again recorded for about 1-9 sec, 
beginning a fraction of a second after the onset of the conditioning tetanus, 
which is itself discontinued immediately after the EPSPs have been 
photographed. In this way full advantage is taken of the optimum 
conditions for detecting any EPSP depression that may be present. 
There is of course a risk that post-synaptic inhibitory actions might 
depress the EPSP, as described by Coombs, Eccles & Fatt (19556) and 
by Curtis & Eccles (1959), but this effect rapidly declines during repetitive 
stimulation at 300/sec, though some Group Ia inhibition may not be thus 
eliminated. 

Table 1 summarizes the effects thus observed on monosynaptic EPSPs 
in seven motoneurones in one experiment. Invariably the PBST volley 
was the most effective, but the P and DP volleys were also surprisingly 
potent. When their relatively small sizes are taken into account, they 
must be at least as effective as the PBST volleys. With all the other nerve 
volleys the EPSP depression was either absent or so small as to be negligible. 
In other experiments GS and Q (quadriceps) volleys have produced 
significant depressions. The most significant features of Table 1 are the 
EPSP depressions produced by PBST, P and DP volleys in all moto- 
neurones. This has been the general rule; but much more systematic 
examination is needed before the full pattern of action is disclosed. 


Correlation of EPSP depression with dorsal root reflexes 
It will be sufficiently obvious that there is a very close parallelism 
between the investigations on the dorsal root reflexes (DRR) in muscle 
afferent fibres as reported in the preceding paper (Eccles et al. 1961) and 
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Fig. 10. Monosynaptic EPSPs during conditioning by repetitive stimulation of 
many different muscle afferents. The EPSPs were generated in a gastrocnemius 
motoneurone (membrane potential, — 66 mV) by maximum Group Ia GS volleys 
at a repetition rate of 5/sec and each record is formed by the superposition of 3 
or 4 traces. This repetitive GS stimulation was continued throughout the whole 
series. In B—I various muscle Nerves, as indicated by the symbols, were stimulated 
at 300/sec and just mally for Group I. About 1 sec after the onset of this 
tetanization several EPSPs were recorded superimposed, the conditioning tetanus 
being then changed to some other nerve and the EPSPs again recorded. Thus B-I 
show the sequence of observations with the various conditioning tetani and A and 
J the control EPSPs before and after the series. Note that, as is shown by the 
records above the EPSPs, there was no sign of depression df the GS afferent volley 
as recorded from L7 dorsal root at its cord entry, negativity being downwards. 

Body temperature 37° C. 


TABLE 1 
Conditioning nerves 
BP. 

(mV) PBST P DP SMAB PL FDHL GS Q 

GS — 58 72 85 91 100 — — — 100 
— 66 a 79 — 104 96 — 102 

— 35 48 66 80 98 91 — — — 

PL — 75 68 86 84 99 — 100. 99 98 
P —59 42 68 96 100 — 96 — 
PBST —77 — 83, 84 98 101 — 98 — 
Means 57 78 81 98-5 99 98 98 100 


The numbers give the sizes of the monosynaptic EPSPs of the various motoneurones 
listed to the left when subjected to brief conditioning tetanization at 300/sec of the nerves 
shown above each column. The sizes are measured relative to the mean values of the control 
EPSPs recorded before and after each'series of conditioning tetanizations. Many of the 
percentages are means of several determinations. Specimen records are shown in Fig. 10 

- for the EPSPs of the second’ GS motoneurone. Column labelled RP shows membrane 
potential. 
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the results reported here for EPSP depressions. For example, Group la 
and Ib afferent impulses conjointly contribute to both phenomena, and 
the fields of influence are parallel, e.g. PBST afferent volleys are very 
effective generators of DRRs into the afferent fibres of all muscles of that 
limb and also are very effective depressants of the EPSPs of their moto- 
neurones. This parallelism is well illustrated when two effects of the testing 
gastrocnemius stimulus are recorded simultaneously (Fig. 11): the gastro- 
cnemius afferent volley as it enters the spinal cord in 81 and L7 dorsal 


msec 
Fig. 11. Relation of EPSP depression to depression of testing afferent volley. In 
A-H monosynaptic EPSPs are recorded intracellularly in a gastrocnemius moto- 
neurone and the gastrocnemius afferent volley is also recorded from L7 dorsal root 
at cord entry, negativity being recorded downwards. A is the control EPSP and 
in B-H it is preceded by a maximum Group I PBST volley at the intervals indicated 
in msec. Each record is formed by superposition of 3 or 4 faint traces at a repetitive | 
frequency of 0-5/sec. The sizes of the EPSPs as percentages of the control are plotted 
as Open circles in I. The sizes of the spike potentials produced by the gastrocnemius 
afferent volleys are measured between the initial positive and negative spike 
summits, are calculated as a percentage of the control and are plotted as filled 
circles in I. Body temperature 34-5° C. 


roots; and the monosynaptic EPSP which it produces in a gastrocnemius 
motoneurone. Both were diminished by the conditioning PBST volley 
in Fig. 11D, E, but, as is shown in the plotted points of Fig. 111, the 
afferent spike potential had fully recovered at 18 msec test interval, 
whereas the EPSP was depressed almost to 60% at the longest test 
interval. Possibly the very large EPSP depression in Fig. 1E at testing 
intervals up to 20 msec is in part due to diminution of the testing pre- 
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synaptic volley by the DRR, just as in Fig. 111. When the stimulus to the 
GS nerve was weakened so that it virtually excited only Group Ia afferent 
fibres (Fig. 12A—E), the proportional depression of the gastrocnemius 
afferent volley was greater, as reported in the previous paper (Eccles et al. 
1961), but it was still less than the EPSP depression. Evidently in Fig. 111 
two factors were concerned in the depression of the EPSP at intervals up 
to 18 msec: diminution of the Ia afferent volley on account of block of 
incoming impulses by collision (or later refractoriness) with impulses dis- 
charged out along the Ia fibres, i.e. by the DDR; and depression of the 
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Fig. 12. Relation of EPSP depression to depression of the afferent volley. Con- 
tinuation of the series of Fig. 11. The stimulus to the gastrocnemius nerve was 
diminished until it was submaximal for Group Ia, A being the control as in Fig. 
11A, while B—D resemble Fig. 11 B-H, being recorded at the indicated intervals 
after the same conditioning PBST volley, at a repetition rate of 0-5/sec. Measure- 
ments from the series partly illustrated in A~-D are plotted in E with the same 
- symbols as in Fig. 111. F-I resemble Fig. 11A—H, F being the control and G-I at 
the test intervals indicated in msec, except that the frequency of repetition was 
raised to 5/sec, so as virtually to eliminate complications due to dorsal root reflexes 
(Eccles e¢ al. 1961). Measurements from the series partly illustrated in F-I are 
plotted in J with the same conventions as in E. Further explanation in text. 


EPSP produced by the remaining fraction of the Ia volley. This inference 
is supported by observing the effect of a tenfold increase in repetition 
rate, from 0-5/sec in Fig. 12 A—E to 5/sec in Fig. 12 F—J. At such frequencies 
the DRRs in muscle afferent fibres are virtually eliminated (Eccles el al. 
1961), and correspondingly there was no more than a 5 % depression of the 


Ia spike potential of the testing afferent volley (Fig. 12G), yet the EPSP 
11 3 Physiol. 159 
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was still depressed to below 70 %,. The large EPSP depressions. produced 
by prolonged high-frequency (200/sec or more) stimulation of the con- 
ditioning muscle afferent nerve (Figs. 6, 7, 8) certainly establish that the 
EPSP depression occurs independently of a peripheral block of the in- 
coming testing afferent volley. Under such conditions there would be no 
DRRs after the initial discharge of about 20 msec duration (Eccles el al. 
1961), so there would be no diminution of the testing afferent volley by 
collision with DRR discharges; yet the largest EPSP depressions occurred 
under such conditions. 
DISCUSSION 

There has been no systematic attempt to confirm the report by Frank & 
Fuortes (1957) and by Frank (1959 and personal communication) that 
the EPSP depression is not associated with any change in the post-synaptic 
membrane that is exhibiting the EPSP. However, it can be stated that 
depression of the monosynaptic EPSP of a motoneurone occurs in the 
absence of any change in the membrane potential, or in the excitability, 
of the motoneurone which has been tested both by antidromic invasion 
and by the threshold depolarization for generation of an impulse; further- 
more, even when the EPSP was depressed to less than 25% of its control 
size (Figs. 6, 8), there was no detectable change in its time course, and this 
also indicates the absence of any change in the post-synaptic membrane. 
On the other hand the EPSP depression is precisely correlated with 
depolarization of the presynaptic fibres. When sufficiently large this 
depolarization manifests itself by the generation of impulses in the pre- 
synaptic fibres, ie. by the dorsal root reflex (DRR) described in the 
preceding paper (Eccles et al. 1961). However, it has been more directly 
displayed by intracellular recording from the primary afferent fibres and 
by their enhanced excitability as tested by brief current pulses (Eccles, 
Magni & Willis, unpublished observations). In every experimental test 
that has been applied there is excellent correlation between this presynaptic 
depolarization and the EPSP depression; hence it can be concluded that 
EPSP depression is a manifestation of a presynaptic mechanism of in- 
hibition. It is appropriate therefore to designate this inhibitory pheno- 
menon as ‘presynaptic inhibition’, which was the term originally used by 
Frank & Fuortes (1957). 

It is postulated that presynaptic depolarization results in EPSP de- 
pression because it depresses the size of the presynaptic impulse and hence 
decreases the liberation of excitatory transmitter substance. A very steep 
relationship between size of presynaptic impulse and the EPSP was 
demonstrated by Hagiwara & Tasaki (1958) with the giant synapse of the 
squid stellate ganglion, where there was virtually complete suppression 
of the EPSP when a depolarizing current depressed the presynaptic 
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impulse to 80% of its normal size, while an increased presynaptic spike 
gave a great increase in the EPSP. More indirect evidence led Liley (1956) 
to postulate that at the rat neuromuscular junction the rate of quantal 
liberation of transmitter was increased tenfold for every 15 mV of pre- 
synaptic depolarization. On such a relationship a 5 mV diminution of the 
presynaptic spike would reduce the liberation of transmitter to 45%, 
which would account for all but the largest EPSP depressions reported 
above. Evidently it is of the greatest importance to investigate the effect. 
_of presynaptic depolarization on the size of the presynaptic spike and on the 
output of transmitter by that spike. There is much more evidence for the 
opposite action of presynaptic hyperpolarization in greatly increasing the 
output of transmitter: at the giant synapse of the squid stellate ganglion 
(Hagiwara & Tasaki, 1958); at the frog neuromuscular junction (del 
Castillo & Katz, 1954); and with monosynaptic EPSPs in the cat cord, 
where it provides at least part of the explanation of post-tetanic potentia- 
tion of monosynaptic reflexes and EPSPs (Lloyd, 1949; Eccles & Rall, 
1951; Eocles & Krnijevi¢, 1959). 

It may be provisionally concluded that the EPSP depression is fully 
explained by the presynaptic depolarization together with the blockage 
that occurs during the outward passage of the impulses of the DRR. 
Of course such impulses in Group Ia fibres of the testing muscle nerve will 
themselves produce monosynaptic EPSPs that precede the EPSP produced 
by the remaining impulses of the testing afferent volley. Such an EPSP is 
seen in Fig. 11 D-F, where the testing EPSP was superimposed on an 
earlier EPSP in D-E and occurred during its decline in F, as also may be | 
seen in Fig. 12C, D. Other examples are shown in the preceding paper 
(Eccles et al. 1961, Fig. 12B, C). 

A full discussion of the production of presynaptic depolarization cannot. 
be attempted until the more direct investigations have been reported. 
There have been many previous suggestions that inhibition is brought 
about by some presynaptic mechanism. In almost all cases it has been 
attributed to blockage of the presynaptic impulses by the flow of currents 
that exert either a hyperpolarizing or depolarizing action on the branching 
presynaptic fibres (Barron & Matthews, 1935, 1938; Renshaw, 1946; 
Brooks et al. 1948; Howland et al. 1955). In part this earlier experimental 
evidence for presynaptic blockage is explained by the block produced by 
DRRs as illustrated here (Figs. 11, 12; Eccles e¢ al. 1961, Fig. 11) and 
previously suggested (Brooks et al. 1948). This latter investigation is of . 
particular interest in relation to the present findings. Focal recording of 
presynaptic spikes and monosynaptic EPSPs showed that at a sufficiently 
long interval after the conditioning volley there was no block by DRR 


discharge, but there was a reduction in size of the presynaptic spike in 
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the motoneuronal nucleus and a corresponding reduction in the EPSP. 
This effect was attributed to presynaptic depolarization blocking the pre- 
synaptic impulses close to their synaptic terminals. It now seems likely 
that this was an example of a true presynaptic inhibition and that the 


presynaptic depolarization was displayed both by the diminished negative | 


phase of the presynaptic spike and by the diminished EPSP. Other 
observations in that paper may now be interpreted as examples of EPSP 
depression that were due to presynaptic inhibition. The monosynaptic 
EPSPs exhibiting this depression were recorded either focally by an extra- 
cellular micro-electrode, or after electrotonic spread to the ventral root. 
When produced by repetitive volleys presynaptic inhibition causes a 
remarkable depression in the sizes of testing EPSPs, as is impressively 
shown in Figs. 6 and 8. It would be expected that under such conditions 
there would be a deep prolonged inhibition of reflexes, and this has been 
observed. The long duration of the presynaptic inhibition produced by a 


single volley gives opportunity for summation of the asynchronous dis- — 


charges from muscle receptor organs; hence it would be expected that 


through their presynaptic inhibitory action such nes would be my 
effective in depressing reflexes. 


SUMMARY 


1, There has been detailed investigation of the finding of Frank and 
- Fuortes that a muscle afferent volley depresses the size of the monosynaptic 
EPSP produced by another muscle afferent volley in a motoneurone that 
otherwise is unchanged in its responses. 

2. EPSP depression occurs with a testing interval as brief as 5 msec; 
it reaches a maximum in 10-20 msec and slowly decays, having a total 
duration of 200 msec or more. 

3. EPSP depression is produced by both Group Ia and Ib afferent 
- impulses, and little if at all by Group II and IIT afferent impulses. 

4. During prolonged repetitive stimulation of the conditioning nerve, 
the EPSP depression reaches a maximum after the first few impulses and 


there is subsequently a partial decline, though it may be well maintained 


for 60 sec. With increases in frequency up to 100/sec there is a commen- 
surate increase in EPSP depression, but there is little further increase as 
the frequency rises above 200/sec. Following prolonged tetanization there 
is a post-tetanic increase in the EPSP depression produced by a test 
volley ; it persists for as long as 60 sec. 


5. Afferent volleys from knee and ankle flexors give potent depression : 


of the monosynaptic EPSPs of all motoneurones, whereas volleys in 
extensor afferents.are always much less effective. 
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6. There is good correlation between the conditions producing dorsal 
root reflexes (DRRs) in muscle afferent fibres and those giving the EPSP 
depression, but the latter is not due to blockage of the testing volley by 
centrifugal impulses of the former. 

7. It is concluded that both the DRR and the EPSP depression occur 
on account of depolarization of presynaptic fibres in the spinal cord; hence _ 
EPSP depression and the resultant depression of reflexes is designated 
‘presynaptic inhibition ’. 
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IDENTIFICATION OF ACETYLCHOLINE, 5-HYDROXY- 
_ TRYPTAMINE, HISTAMINE, AND A NEW KININ IN 
HORNET VENOM (V. CRABRO) 


By K. D. BHOOLA,* J. D. CALLE anp M. SCHACHTER 
From the Department of Physiology, University College London 


(Received 8 June 1961) 


The venom of the common wasp, Vespa vulgaris, contains 5-hydroxy- 
tryptamine (5-HT), histamine and a kinin (Jaques & Schachter, 1954; 
Holdstock, Mathias & Schachter, 1957). The present experiments demon- 
strate that, like that of the wasp, the venom of the European hornet, 
V. crabro, contains 5-HT and histamine. It differs from that of the wasp, 
however, in that it contains high concentrations of ACh and also a kinin 
which is not identical with the one in wasp venom. 

In recent years evidence has accumulated of the existence in nature of 
pharmacologically active choline esters other than ACh, such as pro- 
pionylcholine (PrCh) in ox spleen (Banister, Whittaker & Wijesundera, 
1953), urocanylcholine (Murexine) and f-8-dimethylacrylylcholine (DMAC) 
in the hypobranchial glands of certain molluscs (Erspamer & Benati, 1953; 
Keyl, Michaelson & Whittaker, 1957). An active ester of choline, closely 


_ resembling or identical. with DMAC, has also been found in the cervical 


(defensive) gland of the Garden Tiger moth, Arctia caja (Bisset, Frazer, 
Rothschild & Schachter, 1960). The choline ester in hornet venom was 
therefore carefully examined by chemical and pharmacological tests and 
was identified as ACh. 

The kinin in hornet venom is classified as such because it contracts the 
isolated rat uterus and guinea-pig ileum, relaxes the rat duodenum, and 
lowers the arterial blood pressure of the rabbit. It has been distinguished 
from oxytocin, wasp kinin and bradykinin, but closely resembles the latter. 

A preliminary report of this work has been communicated to the 
Physiological Society (Bhoola, Calle & Schachter, 1960). 


METHODS 


Hornet venom. A nest of live hornets was kindly given to us by Mr R. L. Ford, F.R.E.S. 
The hornets were frozen at — 10° C, then thawed, and the venom apparatus of the females 
removed by pulling gently on the sting with fine forceps. The venom sacs were dissected free 
of adjacent tissue, accessory glands and stinging apparatus, and dried in vacuo over P,O,. 
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Extracts. Dried venom sacs (1-5 at a time) were extracted five times with hot ethy] 
alcohol (95 %). The first extraction was with 1-0, 0:5 or 0-25 ml. (depending on the number 
of sacs extracted), and the subsequent ones with 0-25 ml. The extract and residue were 
reduced to dryness in vacuo. For assays without preliminary chromatography sacs were 
extracted with boiling, acidified (HCl) Tyrode solution (pH 3~4) and centrifuged, and the 
supernatant solution neutralized and tested. 

Isolated organ preparations. The isolated guinea-pig ileum, rat duodenum or rat uterus 
was suspended in a 17 ml. bath in Mg-free Tyrode solution (%: NaCl, 0-8; KCI, 0-02; 
CaCl,, 0:02; NaH,PO,, 0-005; NaHCO,, 0-1; glucose, 0-1) and contractions were recorded 
with a frontal lever writing on a smoked drum. The bath temperature was adjusted to 35, 
30 and 26~28° C for the guinea-pig ileum, rat duodenum and rat uterus respectively. Atro- 
pine (10-* g/ml.), mepyramine (10-* g/ml.) and lysergic acid diethylamide (LSD; 10~’ g/ml.) 
were added to the bath when required. 

The rectus abdominis muscle of the frog (Rana temporaria) was suspended in an 8 ml. 
bath containing eserinized (5 x 10-* g/ml.) Ringer’s solution at room temperature. Acetone 
was added to the bath before each test to give a concentration of 1: 4000 (v/v); this was 
found to increase the sensitivity to ACh five- to tenfold. p-Tubocurarine (10-* g/ml.) was 
added when required. 

Blood pressure. Rabbits were anaesthetized with a solution of sodium phenobarbitone 
(60 mg/kg) and urethane (500 mg/kg) (= 2ml./kg) injected intravenously, and blood pressure 
was recorded from the carotid artery with a mercury manometer. Test substances were 


injected through a cannula in the external jugular vein and washed into the circulation ah 


a constant-volume injection apparatus. 
Paper chromatography. Ethyl alcohol (95 %) extracts of 1-6 venom sacs were dried, re- 


dissolved in 50% ethyl alcohol and applied as single spots (equivalent of 0-5—-1-5 mg dry © 


venom sac) or as a 5 cm strip (equivalent of 10 mg dry venom sac) on the paper. Markers of 
acetyl-, butyryl-, and propionylcholine, choline, histamine and 5-HT (25 or 50 yg) were also 
applied as spots. The ethyl alcohol-insoluble material in thesac was dissolved in a small volume 


of distilled water, centrifuged, and applied as a 5 cm strip (equivalent of 10 mg dry sac). 


Ascending chromatograms were run overnight at room temperature (16—20° C) on What- 
man No. | paper. The solvents used were: n-butanol: ethanol: acetic acid: water (8:2: 1:3) 


(Augustinsson & Grahn, 1953); n-butanol: acetic acid: water (4:1:5) (Partridge, 1948); 


tsopropanol: ammonia: water (20:1: 1) (Smith, 1958); n-propanol: formic acid: water (8: 1:1), 
n-butanol: water (9:1), and n-propanol: water (9:1) (Whittaker & Wijesundera, 1952); 


tsopropanol; 0-1 N-HCl (7:3) (Lembeck, 1954), and ethanol:0-2 N-HCl (1:1) (Holdstock 


et al. 1957). 
Chromatograms were examined under ultra-violet light and fluorescent or quenching 
areas outlined. Development was by (a) Iodine vapour, (b) Pauly’s reagent: diazotized 


1% (w/v) sulphanilamide in n- iachanot followed yy 50% saturated sodium carbonate, >; 


(c) Ehrlich’s reagent: 2% (w/v) p thy] Idehyde in 5% hydrochloric acid, 


(d) Ninhydrin-acetic acid: 0-25 % (w/v) ninhydrin in acetone (9 parts) in acetic acid (i part); 


paper examined under U.V. light (Jepson & Stevens, 1953), (e) Ninhydrin-pyridine: 0-25 % 
(w/v) ninhydrin in acetone plus several drops of pyridine; paper examined under U.V. light, 


(f) Shepherd’s reagent: 0-1 % potassium dichromate in 35-40 % formaldehyde, (9/1, v/v); 


after spraying, heat for 5 min at 110° C and examine under U.V. light (Shepherd & West, 
1953), (g) Phosphomolybdie acid-stannous chloride: 2% (w/v) phosphomolybdic acid in 
ethanol/chloroform (}/1,-v/v) followed by 10 % (w/v) stannous chloride in 3 N-hydrochloric 
acid (cf. Block, Durrum & Zweig, 1958). 

For bioassay the paper was cut into horizontal strips beginning 1 cm on either side of the 


origin, and up to the solvent front as strips 1 or 2cm wide. Each section was eluted with 


1-5-3-0 ml. warm Tyrode solution and 0-05-0-5 ml. eluate was tested on the isolated test 
preparation. 
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Ultra-violet absorption spectrum. The area on chromatograms (n-propanol: formic acid: 
water) which corresponded in R, value and colour reactions to 5-HT was eluted in 3-0 ml. 
water and its absorption spectrum read in 1-0 cm quartz cells in the Hilger ‘Uvispek’ against 
a blank eluted from an adjacent area of the chromatogram exposed only to the solvent. 

Drugs and other reagents. Histamine acid phosphate, 5-HT creatinine sulphate, choline, 
acety]-, and propionylcholine chloride, butyrylcholine perchlorate, eserine alkaloid, atropine 
sulphate, mepyramine maleate and p-tubocurarine chloride were the drugs used. The weights 
of histamine and 5-HT are expressed as base. 

Trypsin and chymotrypsin were crystalline preparations (Armour). 

Bradykinin was prepared by the action of crystalline trypsin on heated ox serum globulin 
(Holdstock et al. 1957) and contained 140-900 units/mg; wasp kinin was prepared from 
wasp venom (Holdstock et al. 1957). 


RESULTS | 
~ Initial attempts at bioassay and specific identification of substances in 
hornet venom sacs indicated that four or more distinct activities were 
present. Even with specific antagonists of cholinesters, of histamine or of 
5-HT, it was not possible to be confident of quantitative assay of more than 
two substances in the extract. For example, in tests on the isolated guinea- 
pig ileum it was evident that the major activity could be assayed and 
antagonized by atropine; similarly, the histamine in the venom could then 
be assayed on the same preparation in the presence of atropine and its 
action antagonized by mepyramine. The assay of the remaining activities 
was difficult, however, because the concentration of ACh-like activity in 
the extracts was so great, that increased concentrations of atropine 
were required in attempts to assay the atropine-resistant activity. It was 
therefore necessary first to separate the active substances by paper 


chromatography. 


After unsuccessful attempts at separation by chromatography in several 
solvents, we found that a distinct separation of three substances, chro- 
matographically and pharmacologically identical with ACh, 5-HT and 
histamine respectively, was possible by using n-propanol:formic acid: 
water as a solvent (Fig. 1). However, since the area on this chromatogram 
corresponding to 5-HT in R, value and colour reactions was only partially 
referable to. 5-HT in pharmacological tests (approximately one-half of the 
activity of the eluate was antagonized by LSD), this eluate was re- 
chromatographed. It was eventually successfully resolved into two com- | 
ponents, one identical with 5-HT, the other having the properties of a 
kinin. The most effective solvent for this purpose was ethanol : 0-2 N-HCl 

1:1 
Acetylcholine 

Activity of extracts on isolated guinea-pig ileum. The ACh-like activity i in 
extracts (0-9 % NaCl+ HCl; pH, 3—4) could be assayed on the guinea-pig 
ileum because the high concentrations present permitted the assay of 
small amounts of extract, the activity of which was ps capi antagonized 
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by atropine in low concentrations (10-* g/ml). The ACh-equivalent con- 
centrations in 4 dry venom sacs tested in this way were 18, 33, 40 and 
50 mg/g respectively. One sac extracted with 95 % ethyl alcohol contained 
18 mg/g (Table 1). 


Re 0-15 0-40 0-70 aa 

_ Fig. 1. Contractions of guinea-pig ileum to eluates from a chromatogram 
_(n-propanol:formic acid: water) of alcohol extract of hornet venom sac. Three 
separate activities are eluted which correspond to histamine (Hi), 5-HT and ACh 
in Ry values, colour reactions and specific antagonism. The eluate corresponding 
to 5-HT was, however, incompletely ‘antagonized by LSD when tested on the 
isolated rat uterus, and in fact also contains a kinin which can be separated in 
another solvent (see Fig. 5). 


TaBLE 1. Concentrations (mg/g dry weight) of ACh, histamine and 
5-HT in hornet venom sacs 


Weight of sac 
(mg) ACh Histamine 5-HT Method 

50 30 — 3 
18 14° 
22 18 oo Ethanol extract 
10 3 7 | 
ert don 15 Chromatogram eluate 
19 | 
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Chromatography, elution and bioassay. As there is now evidence that 
different, active cholinesters exist in nature (see Discussion) it was necessary 
to identify the ACh-like substance more specifically. Alcoholic extracts of 
i-3 venom sacs were therefore applied as 3-6 spots about 2-5 cm apart on 
the same paper and chromatographed. After chromatography in n-pro- 
panol : formic acid : water solvent some of the chromatograms were sprayed 
with iodine or phosphotungstic acid-stannous chloride reagent, and 
another similar one was cut into small horizontal strips (see Methods), 
which were eluted. One portion of each eluate was tested on the isolated 
guinea-pig ileum and another on the frog rectus abdominis muscle. In 
every case the eluate which corresponded to ACh in R, value contracted 
both the guinea-pig ileum and the frog rectus muscle, the former effect 


_ being antagonized by atropine (10-* g/ml.) and the latter by p-tubo- 


curarine (10~¢ g/ml.). Although the eluates of several distinct areas on the 
chromatogram contracted the guinea-pig ileum (Fig. 1), the activity of 
only one was blocked by ce sued and only it contracted the frog rectus 
muscle (Fig. 2). 

To obtain further evidence of the identity of this substance with ACh 
10 hornet venom sacs weighing 21-6 mg were extracted with ethyl alcohol 
and chromatographed as a narrow strip 2-5 cm long in n-propanol : formic 
acid: water solvent, together with separate marker spots of the same 
extract and of ACh. The latter were developed with iodine, and the area of 
the main venom strip corresponding to these in R, value and in colour © 
reaction was eluted with 50% ethyl alcohol. The eluate was reduced in 
volume in vacuo and applied as single spots on five separate chromato- 
grams and run overnight in (a) n-butanol: water, (b) n-propanol: water, 
(c) n-butanol:acetic acid: water, (d) -propanol:formic acid: water, and 
(e) ethyl alcohol: hydrochloric acid. Markers of choline, ACh, PrCh, and 
BuCh were also placed on each paper. On development with iodine the 
re-chromatographed venom eluate developed in each case at one distinct 
spot only, closely agreeing with that of the ACh marker (Fig. 3). 

Parallel assay. Parallel pharmacological tests with the active eluate 


a chromatogram (n-propanol:formic acid: water) corresponding to 


ACh in Ry value and iodine reaction, gave an index of discrimination 
which did not deviate significantly from 1-0 in tests on the isolated 
guinea-pig ileum, frog rectus muscle, and blood pressure of the rabbit; the 
hypotensive effect of the eluate was also blocked by intravenous injection 
of atropine (Fig. 4). 

Table 2 shows the R, values obtained for ACh, histamine and 5-HT, and 
indicates clearly that with the choice of appropriate solvents a ready 
separation of these substances can be obtained. 
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chromatogram (n-propanol:formic acid: water) of alcohol extract of hornet venom sac. There is only a single band of 


activity which coincided with that of the ACh marker. 
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ACh HV ACh HV ACh HV ACh HV ACh HV 


But. Prop. H,O But. acet.H,O Prop. form. H,O Eth. HCl 


Fig. 3. Chromatographie identification of ACh in hornet venom. The ACh-like sub- 
stance on a chromatogram (n-propanol: formic acid: water) of alcohol extract of 
hornet venom was eluted and rechromatographed in five different solvents. In 
each solvent iodine development (above) and eluted pharmacological activity 
corresponded to that of ACh in R, value. 


Histamine 


Effect of extracts on isolated guinea-pig ileum. Acidified alin and ethanol 
extracts of venom sacs. were assayed for histamine on the isolated ileum as 
for ACh, but in the presence of atropine (10-* g/ml.). The activity assayed 
was then completely abolished by mepyramine (10-* g/ml.). The histamine 
concentration was always less than that of ACh, varying from 50 to 80% _ 
of that of ACh (Table 1). 

Chromatography. Chromatograms in all solvents regularly yielded an 
active eluate which corresponded to histamine in R, value, gave a similar 
Pauly reaction and caused a contraction of the guinea-pig ileum which was 
abolished adi mepyramine. 
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ACh At E 
0-2ml. O-4yeg 0-4ml. 


(b) 


ACh 


wg 0-05 0-1 
ml. 0-025 0-1 | OS 


Fig. 4. Quantitative parallel activity of ACh and eluate from chromatogram 
(n-propanol: formic acid: water) of alcoholic extract of hornet venom sac. The | 

_ eluate corresponded to ACh in colour reactions and in R, value. E, eluate; At, 
atropine, 0-2 mg/kg. (a) guinea-pig ileum; (b) rabbit blood pressure; (c) frog rectus 
muscle. 


5-Hydroxytryptamine 
It was not possible to assay 5-HT in extracts of venom directly on the 
guinea-pig ileum beeause of the high concentrations of the other active 
substances. Even in the presence of atropine and mepyramine, when 
increased amounts of venom were tested the high concentrations of ACh 


and histamine overcame the drug antagonism. Similar difficulties de- 


veloped with other test preparations. For quantitative assay and more 
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definite identification of 5-HT it was necessary, therefore, to use chroma 
tography to separate it from the other substances. ) 
Alcoholic extracts of 1-3 glands were divided equally, applied to the 
paper as several separate spots, and chromatographed in n-propanol: 
formic acid : water. The chromatogram showed a well defined area with the 
same f,» value as the 5-HT marker; it gave a red Pauly reaction, a bluish- 
grey colour with Ehrlich’s reagent, a positive ninhydrin and ninhydrin- 
acetic-acid reaction—the latter showing green fluorescence under ultra- 
violet light and a golden-yellow colour with Shepherd’s reagent. Like 
5-HT the eluate from this area contracted the guinea-pig ileum (Fig. 1) 


TaBLE 2. R, values of ACh, histamine, 5-HT and hornet kinin in 
different solvents | | 


Kini 
(in 
Kinin ethanol 
(in in- 
Hista- ethanol soluble 
Solvent ACh mine extract) residue) 
isoPropanol: ammonia: water (20: 1:1) 0-38 0-45 
n-Butanol: ethanol: acetic acid: water (8:2:1:3) — 0-21 0-57 aa a 
n-Propanol: formic acid: water (8:1: 1) ‘64 O16 0-40 0-40 
»-Butanol: acetic acid: water (4:1: 5) 0-37 — 0-40 0-34 0-35 
tsoPropanol: 0-1 n-HC (7:3) 0-85 0-55 061 £4— 
Ethanol: 0-2 n-HCl (1:1) 0-63 —_ 0-56 0-80 0-78 
n-Butanol :water (9:1) 0-10 — — 
n-Propanol:water (9: 1) 0:26 — 


and the isolated rat uterus, but its activity on the rat uterus was reduced 
by only about 50% by LSD. This suggested the presence of an active con- 
taminant with the same R, value as 5-HT in this solvent. This was 
confirmed when the LSD-resistant activity of the eluate was completely 
inactivated by incubation with chymotrypsin (25 yg/ml.) for 10 min 
(Fig. 5). The separation of the two components was then effected by re- 
chromatographing the eluate in ethanol: HCl, the chymotrypsin-resistant 
material moving faster than the LSD-sensitive one (Fig. 5). Now only the 
latter eluate, like 5-HT, reacted with Pauly’s reagent and was antagonized 
completely by LSD. 

The concentration of 5-HT in venom was assayed on the rat, uterus, 
using eluates (from n-propanol: formic acid: water chromatograms) which 
corresponded to 5-HT in R, value and in Pauly reaction, after they had 
been incubated with chymotrypsin (25 pg/ml.) (Table 1). The concentra- 
tions of 5-HT were of the same order as those of histamine (Table 1). 


Kinin 
The substance contracting the rat uterus and contaminating the 5-HT 


area on chromatograms of venom, though inactivated rapidly by chymo- 
trypsin (25 ug/ml.) (Fig. 5), was unaffected by trypsin. It thus differed 
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from wasp kinin which is inactivated by trypsin (Schachter & Thain, 1954), 
but resembled kallidin or bradykinin (Holdstock et al. 1957). It was there- 
fore isolated further, freed from 5-HT, and its properties studied in more 
detail. 

The area on venom chromatograms (n-propanol:formic acid: water) 
which included this substance and the associated 5-HT was eluted and re- 
chromatographed in several solvents. On testing the eluates re-chromato- 
graphed in n-butanol:acetic acid: water, activity was found in the area 


But. acet, 


S-HT HK 


Fig. 5. Separation of 5-HT and kinin (HK) in hornet venom by paper chromato- 
graphy. Contractions of isolated rat uterus (26-28° C) to chromatogram eluates. 
(a) The eluate corresponding to 5-HT in R, value and colour reactions on a 
chromatogram (n-propanol: formic acid: water) was eluted and rechromatographed 
in butanol: acetic acid: water. The eluates of strips 7, 8, 9 and 10 (see Methods) were 
active, and the types of contraction suggested the presence of two substances inade- 
quately separated. (b) The incubation of strips 7-10 with chymotrypsin (20 yg/ml., 
10 min) inactivated 7 and 8 only; addition of LSD (10-? g/ml.) to muscle bath 
antagonizes 9 and 10 only. (c) Rechromatographed pooled eluates (7, 8, 9 and 10) 
in ethanol: HCl; the two activities are successfully separated, the slower-moving 
compound being identical with 5-HT and the other with the kinin (HK). : 


~ 
> 
os 
pers: 
2 
‘ 
qi 
yh 
a2 
q 
ong +a 
is 
4 
i 
4 
a a | 
j 
| 
> 
{ + 
te 
4 
+ 


1954), 
there- 
more 


water) 
nd re- 
mato- 
area 


ACh, 5-HT AND KININ IN VENOM. 177 


cdtresponding to that reacting with Pauly’s reagent and with the 5-HT 
marker, and it was completely antagonized by LSD (10-7 g/ml.). An area 
just behind this one on the chromatogram, but continuous with it, did not 
develop with Pauly’s reagent and was unaffected by LSD, but was rapidly 


_ inactivated when incubated with chymotrypsin (Fig. 5). It was apparent 


therefore that re-chromatographing in this solvent effected a slight but still 


inadequate separation of 5-HT' and the apparent peptides. A similarly 


inadequate separation was obtained with chromatograms re-run in iso- 
propanol: hydrochloric acid; in this instance 5-HT moved slightly ahead 
of the other activity. 

A successful separation was, however, effected on re-chromatographing 
in ethanol: HCl. In this instance 5-HT was recovered as a sharp band with 
an Ry, value of 0:56, whereas the LSD-resistant, but chymotrypsin- 
resistant material, was recovered much higher on the paper, with an R, 
value of 0-80 (Fig. 5). The latter was now classified as a kinin since it also 
produced a slow contraction of the guinea-pig ileum, relaxation of the rat 
duodenum and a marked lowering of the arterial blood pressure of the 
rabbit. The amount of ‘venom available did not permit precise parallel 
assays of this eluate with bradykinin but it was found to be relatively one 


- tenth as active as bradykinin on the guinea-pig ileum. 


Pharmacological tests of the alcohol-insoluble residue of venom sacs 
showed it was free from, or contained only traces of, ACh, histamine or 
5-HT. It did, however, still possess much activity when tested on the rat_ 
uterus. This was unaffected by LSD, atropine or mepyramine, or by incu- 
bation with trypsin, but was rapidly inactivated by chymotrypsin (Fig. 6). 


_ The substance was studied in more detail, since the absence of other active 


substances in the residue permitted a simple and direct analysis. The 
insoluble residue when assayed against crude bradykinin on the rat uterus — 


contained at least 350 «wg bradykinin/g in terms of the pure synthetic sub- 


stance. (Since, as shown below, the kinin in the alcohol extract is identical 
with that in the residue, the amount present in the venom is much greater 
than this.) It also contracted the guinea-pig ileum, relaxed the rat duo- 


_denum, and lowered the arterial blood pressure of the rabbit. It behaved 


as @ single substance when chromatographed in n-butanol:acetic acid 
(Fig. 6) and in ethanol: HCl solvents, and had the same RF, values as the 
kinin in the alcohol extract. Also, a mixture of the two could not be 
separated by paper chromatography. It seems very likely, therefore, that 
these two kinins are the same substance, which is peeny soluble in 95% 
ethyl alcohol when extracted from venom sacs. 

Quantitative parallel assay of this kinin against bradykinin showed a 
very close similarity, but, lit:c +4e alcohol-soluble kinin, it was relatively 


only approximately one tenth as active as bradykinin on the guinea-pig 
12 7 Physiol. 159 
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ileum. Despite the similar behaviour of hornet kinin and oxytocin on the 
rat uterus there were great quantitative discrepancies in their relative 
activities on this and other preparations (Table 3). Hornet kinin, unlike 
wasp kinin, was not inactivated by trypsin (Fig. 6); mixtures of the two 


Brad. Re 0°34 | Cc 
20 ug/ml. 

Fig. 6. Paper chromatography of hornet kinin (in alcohol-insoluble residue of 

venom sac) and its inactivation by chymotrypsin but not by trypsin. Contractions 

of rat uterus (28°C; atropine and LSD, 10-* and 10~-’ g/ml.) to eluates from 

chromatogram (n-butanol: acetic acid: water). C and T are incubated mixtures 


(10 min) of active eluate (Rp, 0-34) with chymotrypsin and trypsin respectively ; 
Brad. = bradykinin, 2 u. 


were also readily separated by paper chromatography in n-butanol: acetic 
acid, in which, as shown by Holdstock ef al. (1957), only wasp kinin 
remained at the origin (Fig. 7). There was no evidence of wasp kinin in 
hornet venom since not a trace of activity was found at the origin of 
chromatograms in this solvent. 3 

The similar pharmacological actions of hornet kinin ad bradykinin are 
shown in Fig. 8; the former is relatively less active on the guinea-pig 
ileum. | 
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Fig. 7. Separation of wasp kinin (WK) and hornet kinin (HK) by paper chromato- 
graphy (n-butanol: acetic acid: water). Contractions of rat uterus (28° C, atropine 
10-* g/ml. and LSD 10~* g/ml.) to eluates from a chromatogram of a mixture of 
wasp and hornet kinin. One activity appears at Ry value 0 and is wasp kinin; ~~ 
other at 0-34 and is hornet kinin. — 


TaBLe 3. Bradykinin standard and oxytocin (Syntocinon, Sandoz) equiactive 
with 1 mg hornet kinin 


Bradykinin Oxytocin 


| (#8) . (m-u.) 
Guinea-pig ileum 125 
Rat uterus. 1600 800 
Rat daodenum : 700 23,000 
Rabbit blood pressure 1600 > 85,000 (pressor) 
Index of discrimination 12-8 > 100 
DISCUSSION 


Our experiments demonstrate that hornet venom contains four sub- 
stances which are known to be among the most pharmacologically active 
agents present in animal tissues. There is little doubt that these substances 
in such concentrations, are effective in defence reactions and contribute to 
the severity of toxic reactions in man. The likelihood that enzymes and 
other proteins which add to the toxicity are present in the venom is, 
however, not excluded. 

Hornet venom differs in composition from wasp venom in that it con- 
tains ACh and also a kinin which differs from that of the wasp. This 


confirms previous observations on the apparently erratic distribution of 
12-2 
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such substances in different species of insects (Bisset e¢ al. 1960) and 
coelenterates (Mathias, Ross & Schachter, 1960). 

The presence of ACh in concentrations up to 50 mg/g in dry hornet 
venom sacs and of a substance resembling DMAC, in concentrations of 
i-2 mg/g, in the prothoracic (defensive) gland of the Garden Tiger Moth 
(A. Caja) (Bisset et al. 1960), suggests that ACh and other choline esters 


B 
Su. 400 1500 Su. 


Fig. 8. Similar pharmacological actions of bradykinin and hornet kinin. (a) Guinea- 
pig ileum; (6) rat duodenum; (c) rabbit arterial B.P. B, bradykinin (units); 
K, hornet kinin (yg). 


may be widespread in insects. The recent demonstration that the hyper- 
trophied silk gland of the caterpillar (and cocoon) of A. caja and the 
_ abdominal tissue of the adult moth, contain large amounts of ACh (Morley 
& Schachter, 1961; Gill, Parsons & Paton, 1961) supports this view. !t is 
possible that not only ACh, but also other choline esters, may have func- 
tions in nature other than the established one as a neuro-transmitter 
substance. Evidence suggesting a non-nervous metabolism of ACh in 
mammalian intestine has indeed been presented by Feldberg & Lin (1950). 
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_ that ACh may be present in high concentrations in non-nervous tissue, and 


_ wasp kinin in being resistant to inactivation by trypsin, in its behaviour on 


tions. 
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The significance of ACh in a non-innervated organ such as human placenta 
(Chang & Gaddum, 1933) or of PrCh in ox spleen (Banister et al. 1953) has 
never been explained. The existence in nature of active choline esters other 
than ACh also underlines the need for specific identification of substances 
in tissues which show the general biological properties of ACh. 

It has recently been shown that whole heads of various insects (flies, 
beetles and cockroaches) contain a substance resembling ACh in concentra- 
tions of 10-40 ug/g (Lewis & Smallman, 1956). It cannot be assumed in 
such experiments that the ACh is present only in the nervous tissue. The 
present experiments and those of Morley & Schachter (1961) demonstrate 


emphasizes the need for specific location of this substance. 

The presence of a new kinin in hornet venom, closely resembling, but 
different from bradykinin (or kallidin) and wasp kinin, demonstrates that 
this type of pharmacologically active molecule, like choline esters and 
catecholamines, exists with some variationsin animal tissues. Itstillremains 
to be seen whether these kinins will also be of physiological importance. 


SUMMARY 


1. “ACh, 5-HT and histamine were identified in hornet venom sacs by 
parallel bioassay, paper chromatography and other chemical tests. 
2. The ACh concentrations varied from 18-50 mg/g dry venom sac 
(mean 37-8); 5-HT and histamine were present in approximately one half 
the concentration of ACh. 
3. A new kinin was demonstrated in hornet venom. This differs from 


paper chromatograms, and in its relatively weaker action on the isolated 
guinea-pig ileum. It resembles bradykinin except that it is approximately 
one tenth relatively as active on the guinea-pig ileum as on other prepara- 


4. The possible signifieance of ACh and other choline esters in nature is 
discussed. 
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THE EFFECTS OF CASTRATION ON THE VASCULAR 
RESPONSES OF MALE RATS TO POSTERIOR 
PITUITARY HORMONES 


By L. H. HONORE anp SYBIL LLOYD 
From the Department of Physiology, University of Edinburgh 


- (Received 13 March 1961) 


Since the early work of Byrom (1938) it has been known that the vascular 
responses of the female rat to vasopressin may be modified by the con- 
centrations of ovarian hormone in the body. Lloyd (1959a, b) has further 
demonstrated the changes in the vascular actions of vasopressin and 
oxytocin which are produced by oophorectomy, by treatment with 
oestrogens or progesterone, or which occur during the reproductive cycle 
and pregnancy. As a counterpart to this work on female rats, the present 
experiments are the first of a series of investigations undertaken to deter- 
mine whether testicular hormones exert any influence on the vascular 
responses of the male rat. This paper reports the effects of orchidectomy. 
Since the changes in the vascular responses to oxytocin and vasopressin 
produced. by orchidectomy differed from those which followed oophor- 
ectomy, an attempt was made to determine the nature of the differences. 

METHODS 

All experiments were performed on male rats weighing between 175 and 225 g. Where 

castration was carried out, aseptically under ether anaesthesia, the testes and seminal — 


- vesicles were both removed. Further groups of animals were sham-operated, or subjected 


to unilateral removal of a testis. Subsequent observations were made under anaesthesia 
with intraperitoneal sodium pentobarbitone (5 mg/100 g body weight). Two experimental 
methods were used, either singly or together; in the first the arterial blood pressure was 
recorded on a kymograph from the cannulated carotid artery, and in the second the blood 
vessels of the mesoappendix were directly observed (Chambers & Zweifach, 1944). This 
method was used only in relation to oxytocin on occasions when it had no demonstrable 
effect on the blood pressure. All injections of drugs were made into a cannulated femoral 
vein, in a total volume of 0-3 ml. of 0-9% NaCl solution. The vasopressin used was Parke, 
Davis’s Pitressin, and the oxytocin was the synthetic preparation Syntocinon (Sandoz). 


RESULTS 
Normal rats 
The responses of seven normal male rats were studied to provide a 
control series for comparison with the castrated animals. In six of these the 
dose of vasopressin required to produce a 10 mm Hg rise in blood pressure 
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was between 0-8 and 1-2m-u. In the other animal only 0-4 m-u. was 
required to induce this same rise in pressure; the reason for this exception 
was not apparent. In all seven rats oxytocin, in doses of 10-100 m-u., 
had no effect on the blood pressure, but caused dilatation of the meso- © 
appendix vessels. The least intravenous dose of oxytocin required to pre- 
vent constriction by a topically applied threshold dose of adrenaline was 
_ in all cases between 50 and 75 m-u. Below this dose there’was no effect on 
the mesoappendix vessels. 


Castrated rats 
Twenty-eight male rats were castrated, and the vascular responses to 
vasopressin and oxytocin were tested at varying intervals after operation. 
For the first 4 days after removal of the testes there was no change in the 
dose of vasopressin required to produce a 10 mm Hg rise in blood pressure; 
from the fifth to the tenth day inclusive the dose needed to elicit the same 
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Days after castration 


Fig. 1. The intravenous dose of vasopressin required to increase the blood pressure 
of the rat by 10 mm Hg before (N) and after orchidectomy. 


rise in blood pressure was only 0-25-0-4 m-u.; while from the eleventh 
to the sixteenth days inclusive the dose required was again 0-8—1-2 m-u. 
(Fig. 1). Apart from this temporary increase in sensitivity to the pressor 
action of vasopressin other changes in the type of response were apparent. 
In all the rats studied between the sixth and tenth post-operative days (i.e. 
during the period when the sensitivity to vasopressin was increased) there 
was an initial depressor component to the response (Fig. 2B). This was 
not seen after the tenth day, by which time the sensitivity to vasopressin 
had returned to normal. A further change seen was in the duration of the 
pressor response to vasopressin. Whereas in the normal male, and for the 
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first 4 days after castration, the standard 10 mm Hg elevation of the 
blood pressure was short-lasting, the pressure being raised only for 3-5 
min, all the castrated rats from the fifth post-operative day onwards 
showed a prolonged response (Fig.,2), lasting for some 15 min (and in one 
case for 30 min). This prolongation of the pressor response did not later 
revert to normal, but persisted throughout the period of observation. The 
changes in the responses to vasopressin after castration are summarized 


jn Table 1. 


A 10 


Fig. 2. The effect of vasopressin on the blood pressure of the male rat (A) 3, 
(B) 6, and (C) 12 days after castration. Numbers show doses in m-u. injected.intra- 
venously at arrows. Time marker 30 sec. 


Taste 1. The effect of vasopressin on blood pressure, and of oxytocin on blood pressure and 
. Mesoappendix vessels, before and after castration in the male rat. 


| Days after Total no. 


castration of rats Vasopressin Oxytocin 
Normal 7 Pressor; 10 mm Hg rise with Noeffect on B.P. Vessels dilated 
0-8—1-2 m-u. with 50 m-u. or more 
1-4 7 Pressor; 10 mm Hg rise with No effect on B.P. Vessels dilated 
: 0-8-1-2 m-u. with 50 m-u. or more 
5-10 12 Transient depressor then pro- Depressor response with 25 


. longed pressor response; 10 m-u. or more 
Hie vise with 0-25-0-4 mn-u. 


H-16.. 9 Prolonged pressor response; 10 No effect.on B.P. Vessels dilated 
mm Hg rise with 0-8—1-2 with 50 m-u. or more 
m-u. 


Changes were also seen in the response to oxytocin after castration, and 
these followed a similar time course to the changes in response to vaso- 
pressin. For the first 4 days after orchidectomy oxytocin had no effect 
on the blood pressure, and the same average dose (60 m-u.) as in the 
normal male was required to dilate the mesoappendix vessels. From the 
fifth or sixth to the tenth days after castration oxytocin was able to 


depress the blood pressure, as well as being dilator to the mesenteric 


vessels, and only 25 m-u. was required to produce the depressor effect. 
A fter the tenth day a dose of 50 m-u. or more of oxytocin was again needed 
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to cause dilatation, as in normal rats, and this dose was without effect on 
the blood pressure (Fig. 3 and Table 1). 

Eight observations were made serially on sham-operated male rats over 
a 14-day post-operative period. In all cases the responses of the sham- 
operated controls were indistinguishable from those of normal rats. There 
was no increase in sensitivity to vasopressin, and no depressor response 
to either oxytocin or vasopressin was seen. 


A B C 


Fig. 3. The effect of 50 m-u. oxytocin, injected intravenously at arrows, on the 
blood pressure of the male rat (A) 3, (B) 6, and ©) 12 days after castration. Time 
marker 30 sec. 


Unilateral removal of one testis was carried out in three further rats. 


Two of these failed to show any change from the normal in their responses _ 


to vasopressin and oxytocin at times when the changes observed after 
bilateral orchidectomy were maximal, i.e. between days 5 and 10 after 
operation. In the third, which was studied on the seventh day after 
operation, there was a slight initial depressor response to vasopressin, but 
otherwise the responses were normal. 


The effects of pithing and blockade of the autonomic 
nervous system in castrated male rats 
The unexpected appearance of a preliminary depressor response to 
vasopressin after castration suggested the need for a closer study of the 
factors underlying the constriction and dilatation caused by the posterior- 
lobe hormones. Since Lloyd & Pickford (1961) have shown that surgical 


or chemical interruption of parts of the sympathetic nervous system may 


alter the vascular responses of rats to these hormones, similar — 
were used in the castrated males. 

A further nineteen castrated rats were studied between the sixth and 
tenth post-operative days, and an adrenergic blocking agent (dihydro- 
ergotamine, 5 rats; dibenamine, 3 rats), or a ganglionic blocking agent 


(tetraethylammonium iodide, 3 rats; hexamethonium, 3 rats) or atropine ~ 


(3 rats), was administered during the course of the observations (doses in 
Table 2). The remaining two rats were pithed. After any of these pro- 
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cedures except the administration of atropine, the depressor response to 
oxytocin and the initial depressor response to vasopressin were abolished 
(Fig. 4). The pressor component of the effect of vasopressin was poten- 
tiated by ganglion block, but reduced in two cases after dibenamine, and 
once after dihydroergotamine. Atropine did not affect the responses in 
any way. These results are summarized in Table 2. 


“4 2 


= 


B.P. (mm Hg) 


Fig. 4. The effect of (A) 0-4 m-u. vasopressin and (B) 50 m-u. oxytocin on the 
blood pressure of the male rat 7 days after castration; (1) before, and (2) after the 
intravenous administration of 0-1 mg. dihydroergotamine. Time marker 30 sec. 


oaeas 2. The effect of autonomic blockade and of pithing on the responses to vasopressin 
and oxytocin in the castrated male rat. 


Vasopressin 
Depressor 
Pressor Depressor response 
| response response 
Dihydroergotamine 0-1 5 1 4 : 5 5. 
Dibenamine 0-2 mg 3 2 3 ‘ 3 3 
Tetraethy] ium 2 mg 3 3 3 3 
Hexamethonium 1 mg 3 3 , 3 3 
Atropine 0-1 mg 3 3 . 3 ‘ 3 
Pithed 2 2 2 2 


— reduced; un. unaffected; + say ab. abolished. 
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DISCUSSION 


Changes in the vascular responses of femal rats to posterior pituitary 
hormones after oophorectomy have already been described by Lloyd 
(1959), and the present work shows that, in the male also, castration leads 
to a change in the responses to vasopressin and oxytocin, In normal male 
and dioestrous female animals the effects of these hormones were qualita- 
tively similar, in that vasopressin caused a short-lasting elevation of the 
blood pressure, while oxytocin had no effect on the blood pressure, though 
it visibly dilated the vessels of the mesoappendix. Quantitatively the 
female was more sensitive than the male to either hormone, 25-30 m-u. 
oxytocin being required for dilatation of the mesoappendix vessels, and 
0-4 m-u. vasopressin for a 10 mm Hg rise in blood pressure in the female, 
as compared with 50-70 m-u. oxytocin, and 0-8—1-2 m-u. vasopressin in 
the male. Castrated male rats, however, showed certain temporary as well 
as permanent differences from oophorectomized females. The temporary 
_ differences first appeared in the males on the fifth or sixth day after opera- 
tion, and in the females on the third day, and lasted until the tenth or 
eleventh day in the males, and until the eighth day in the female animals. 
In castrated male rats oxytocin had a marked depressor effect, while in the 
oophorectomized females there was no lowering of the blood pressure after 
oxytocin, though the mesenteric vessels were dilated by a smaller dose than 


in normal dioestrous animals. In the females the pressor effect of vaso- 


pressin was markedly reduced following oophorectomy, whereas in the 


castrated males the sensitivity to vasopressin was increased and the rise ~ 


in pressure greatly prolonged. This increased pressor response in the male 
rats was preceded by a transient depressor response which was never seen 
in the females. 

The permanent difference which followed gonadectomy was that in the 
males the prolonged response to vasopressin persisted for the full 16 days 
of observation; that is, after the time when the sensitivity to the drug had 
returned to normal. In the female rats there was no permanent change in 
the response to vasopressin, and all animals observed after the eighth day 
following oophorectomy showed responses to vasopressin and oxytocin 
which were indistinguishable from those of the normal dioestrous females 
(Lloyd, 1959a). The reason for the temporary nature of the alteration of 
most responses is not known, though it is possible that castration may lead 
to increased adrenal cortical activity, which will in turn affect vascular 
responses. The reason for the persistence of a prolonged response to vaso- 
pressin in male rats alone is also obscure. The changes in response seen were 
not due to differences in the basal blood-pressure levels, since these varied 
little between the groups of animals. : 
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The changes seen suggest that the vascular responses of male rats to the 
posterior pituitary hormones are affected by the concentration of testi- 
cular hormones in the body, just as the responses of the females are 
affected by the concentrations of ovarian hormones (Lloyd, 1959a, b). 
However, the lack of androgens and oestrogens of gonadal origin does not 
appear to affect the responses in the same way. The site and mechanisms 
of these differences are obscure, though the experiments with blocking 
agents suggest that the depressor responses to both vasopressin and 
oxytocin in the castrated male are dependent on central nervous activity, 
since they were in all cases abolished by pithing or the administration of 
sympathetic ganglionic or peripheral blocking agents, though not by 
atropine. It is an interesting point that, in the normal dioestrous female, 


similar interference with the sympathetic nervous system enhances the 


pressor response to vasopressin and induces a pressor response to oxytocin 
(Lloyd & Pickford, 1961). 

Further studies, which are in progress, are needed of the effects of 
androgen administration to normal and castrated males before any con- 
clusions can be drawn as to the manner in which androgens — the 
vascular responses. 


SUMMARY 


1. The vascular responses of male rats to vasopressin and oxytocin were 
studied before and after castration. 

2. In normal males intravenous vasopressin, in doses of 0-8—1-2 m-u., 
raised the blood pressure by 10 mm Hg. Intravenous oxytocin in doses of 
50-100 m-u. dilated the mesenteric blood vessels, but had no effect on the 
blood pressure. 

3. For the first 4 days following castration there was no change in the 
response to either hormone. From the fifth or sixth to the tenth days in- 
clusive the sensitivity to vasopressin was increased, and the pressor re- 
sponse prolonged. This was preceded by a transient fall in the blood pres- 
sure. At the same time oxytocin had a depressor action. From the 
eleventh day onwards the effects of both hormones were normal, except 
that the prolonged pressor effect of vasopressin persisted. 

4. The depressor responses seen with vasopressin and oxytocin between 
the sixth and tenth post-operative days were abolished by pithing or by 
sympathetic blocking agents, but not by atropine. Following these pro- 


cedures the pressor response to vasopressin was sometimes increased. 


5. It is concluded that the testicular hormones may affect the vascular 
responses to posterior pituitary hormones, and the differences between 
the effects of ny in male and female rats are discussed. 
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INHIBITION OF THE METHYLATION OF HISTAMINE 
IN CAT BRAIN 


By T. WHITE 
From the Institute of Physiology, University of Lund, Sweden 


(Received 19 December 1960) 


It has been known for some years that ring-N-methylation constitutes 
an important pathway for the catabolism of histamine in mammals 
(Schayer, 1959). Recent studies indicate that brain tissue in particular 
has a great capacity to methylate histamine. This has been shown for the 
cat both in vitro (Brown, Tomchick & Axelrod, 1959; White, 1959) and 
in vivo (White, 1960). Methylation seems to be the major pathway for 
histamine catabolism in the brain. There is little information on the inhibi- 
tion of histamine methylation in vivo, although a number of substances 
have been found to inhibit a purified preparation of the histamine— 


_ methylating enzyme in vitro (Brown et al. 1959; Lindahl, 1960). To the 


author’s knowledge no experiments have been carried out to study the 
inhibition of the methylation of histamine in the living brain. 

The present experiments were performed to see if the formation of 
methylhistamine from histamine in the brain could be inhibited in vivo by 
two of the substances found to be effective in vitro, namely chlorpromazine 
and cupric ions (Brown ef al. 1959; Lindahl, 1960). It will be shown that 
both inhibit the methylation of histamine in the cat’s brain. 


METHODS 
Cats of either sex weighing 2-5-3-5 kg were anaesthetized with Na pentobarbitone intra- 


__ peritoneally. Animals pre-treated with chlorpromazine received 30 mg/kg and the others 


45 mg/kg. The trachea was cannulated and blood pressure recorded by a mercury mano- 
meter connected to a femoral artery. ; 

Perfusion took place from the lateral ventricle to the aqueduct, using a Collison cannula 
for the cannulation of the lateral ventricle (Bhattacharya & Féldberg, 1958). The position 
of the aqueductal cannula was confirmed at the end of each experiment by dye injection and 
by dissection of the brain with the cannula in place. In all experiments the tip of the 
cannula was in the middle of the aqueduct, or in the caudal half of it. In no experiment was 
leakage of dye into the fourth ventricle observed. In the experiments where high concentra- 
tion of cupric chloride (0-01 m) and of chlorpromazine (0-05 m) were present in the fluid 
infused, the effluent showed slight flocculation or opalescence, which disappeared immedi- 
ately after the addition of a small amount of 0-1 N-HCl. In the other experiments the 
effluents were clear and ‘edfourless. 

The perfusion fluid had the following composition (g/l.): NaCl 9-00, KCl 0-42 and CaCl, 
(anhydr.) 0-24. In the following pages this solution will be referred to as Ringer’s solution. 
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The ventricles were first perfused for 30 min with Ringer’s solution, or Ringer’s solution 
containing one of the inhibitors, and then with the same solution containing 2 wg ™“C- 
histamine base/ml. during 40 min. The infusions were made with a motor-driven syringe at 
a constant rate of 0-11 ml./min and the total volume of the “C-histamine solution infused 
was 4-5 ml. At the end of the perfusion with “C-histamine the ventricles were perfused with 
5 ml. of Ringer’s solution at a rate of approx. 0-5 ml./min, to wash out radioactive sub- 
stances. For analysis the combined effluents were used. The whole brain including the 
cerebellum and the medulla oblongata down to the foramen magnum was excised. 

The methods for measuring “C-histamine and its radioactive metabolites by isotope 
dilution technique have been developed by Schayer and others and were similar to those 
used earlier (White, 1959, 1960). A modification in the treatment of the brain samples was 
used in the present experiments. The brain was homogenized, after preliminary mincing, in 
a glass homogenizer with approx. the double volume of 0-1 N-HCl. The homogenate was 
divided into portions (usually 8 to 10), carrier was added to each, and protein precipitated 
with trichloroacetic acid. The samples were then filtered and treated as described earlier 
(White, 1960). Only a brief summary of the procedures will be given here. 

The following metabolites of histamine were studied: Methylhistamine (1-methyl-4- 

(8-aminoethyl)-imidazole), methylimidazoleacetic acid (1-methyl-imidazole-4-acetic acid), 
and imidazoleacetic acid (imidazole-4(5)-acetic acid). 

Histamine was extracted into butanol, converted to pipsyl histamine and counted. 
Methylhistamine was extracted into chloroform and counted in the form of methyl- 
histamine picrate. Imidazoleacetic acid and methylimidazol tic acid were separated 
from histamine and methylhistamine on a cation exchange column (Dowex-50). Pipsyl- 
imidazoleacetic acid and the picrate of methylimidazoleacetic acid were then prepared and 
counted. All determinations of imidazoleacetic acid were preceded by acid hydrolysis of the 
samples, and the figures for imidazoleacetic acid therefore denote the total amount, free and 
conjugated. All samples were recrystallized to constant radioactivity, three to six recrystal- 
lizations being needed in most cases. The samples of methylhistamine in the perfusate some- 
times had to be recrystallized even more often, because of the huge excess of radioactive 
histamine. 

The measurements of saitaaubivie were made under infinite-thickness conditions in a 
gas-flow counter with a background activity of 21-24 counts/min. At least 900 counts were 
taken of each sample after each recrystallization. Differences in counting rates smaller than. 
those corresponding to 0-2—0-3 % in the tables are not considered significant. 

4C-histamine dihydrochloride labelled in the 2-position of the imidazole ring was pur- 
chased from the Radiochemical Centre, Amersham, Bucks. After dilution with the standard 
amount of inert carrier histamine (66-4 mg of the dihydrochloride) and precipitation as the 
dipicrate, this “C-histamine gave 3200 counts/min/ yg base, counted at infinite thickness in 
the flow counter. 

Chlorpromazine was used in the form of the hydrochloride (AB Leo, Hilsingborg, 
Sweden). The figures for the doses of chlorpromazine refer to the salt. Copper was used in 
the form of CuCl,.2H,O, containing 37-3% copper. 


RESULTS 


The control experiments (Table 1) showed that collection of the effluent 
from the aqueduct instead of from the cisterna magna caused slightly less 
methylated histamine metabolites (methylhistamine and methylimidazole- 
acetic acid) to be formed than in the experiments reported earlier (White, 
1960). The methylation that did occur was still great. enough to provide a 
basis for experiments on the inhibition of histamine methylation. 
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It has recently been shown by Lindahl (1960) that cupric ions inhibit a 
purified preparation of a histamine-methylating enzyme in vitro. Inseven 
experiments the effect of cupric chloride on the méthylation of histamine 
in the cat’s brain was studied (Table 2). The cupric salt was administered 
intravenously (Expts. 5 and 6) and by ventricular perfusion (Expts. 1-4), 
and also by both routes simultaneously (Expt. 7). In Expts. 5 and 6 of 
Table 2 cupric chloride, dissolved in 0-9 °/ NaCl solution, was infused into 
a femoral vein at a rate of 0-12 mg copper/min for 60 min before and also 
during the ventricular perfusion with “C-histamine. In these experiments - 
the methylation of histamine (i.e. formation of methylhistamine and 
methylimidazoleacetic acid) was inhibited by approx. 35°. 


TaBLE 1, Catabolism of “C-histamine in cat brain during perfusions from the 

lateral ventricle to the aqueduct. Percentage of infused “C-histamine recovered 

as histamine and metabolites — 
Methyl- Sum of 


Expt. Methyl- imidazole- Imidazole- methyl Total 
no. Histamine histamine acetic acid acetic acid derivatives recovery 

Effluent 83 2-9 0-4 0-2 

: Brain 0-4 3-5 2-9 0-2 9-7 94 
Effluent 89 2-2 0-3 0-1 ; 

Brain 3-8 2-9 0-1 8-5 98 
Effluent 83 2-0 0-4 0-6 : 

8 Brain 0-3 3-5 3:9 0-2 bs 8 94 
Effluent 83 2-2 0-1 0-3 

4 Brain 0:8 4-8 2.1 0-2 9-2 94 
Effluent 87 2-7 0-4 0-2 : 

. Brain 0-2 3-5 9-5 0-2 | 9-1 96 


Greater inhibition was observed when the cupric chloride was added to 
the perfusion fluid (Expts. 1—4 of Table 2), 0-001 m inhibiting approx. 55 °/, 
and 0-01 m approx. 80%. It can be seen that in the experiments showing 
the smallest formation of methylhistamine (Expts. 3 and 4 of Table 2) the 
brain contained more unchanged histamine than in the control experiments 
(Table 1). 

In Expt. 7 of Table 2 cupric chloride was infused both intravenously 
(0-12 mg copper/min) and intraventricularly. This experiment showed an 
inhibition of the histamine methylation slightly greater than that observed 
after each treatment alone. : 

Comparison between the results with and without copper in the per- 
fusion fluid would only be valid if the concentrations of “C-histamine were 
the same. The formation of a histamine-copper complex in the copper- 
containing perfusion fluid (Eichler & Meyer, 1948) might diminish the 
concentration of free histamine. In the experiments where cupric chloride 
in a concentration of 0-01 m was infused the fluid remaining in the syringe 
after the termination of the perfusions was assayed for histamine activity 
on the isolated guinea-pig ileum against a corresponding solution lacking 
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copper, and also against a reference solution prepared from non-radio- 
active histamine. No difference could be detected between the radioactive 
solutions with and without copper. The concentration of histamine in the 
perfusion fluid differed less than 10°, from the expected value (2 yg/ml.). 
It was concluded that the addition of copper did not influence the amount 
of free biologically active “C-histamine in the perfusion fluid. 

When chlorpromazine was perfused through the ventricles (Expts. 1 and — 
2 of Table 3), some depression of the blood pressure occurred, and it was 
difficult to obtain a constant flow through the ventricular system. It 
would seem that ventricular perfusion was not a suitable method for the 
administration of high concentrations of chlorpromazine to the brain. 

In five experiments (3-7 of Table 3) cats were given three intramuscular 
injections of chlorpromazine, receiving two injections on the day before 
the ventricular perfusion, and the third about 2 hr before the start of the 
ventricular perfusion. The rather large doses employed caused changes in 
the behaviour of the animals. They became drowsy and passive, and the 
gait was somewhat inco-ordinated, but they were conscious and their 
reactions seemed otherwise adequate. The values obtained for the cata- 
bolism of “C-histamine in the brain in these experiments indicated less 
formation of methylhistamine and methylimidazoleacetic acid than in the 
control experiments (Table 1). 


DISCUSSION 


The methylation of histamine can take place in several regions of the 
brain, as judged from in vitro experiments on minced tissue (White, 1959) 
and on purified enzyme preparations (Brown et al. 1959). Histamine per- 
fused through the cerebral ventricles of anaesthetized cats has been shown 
to enter the brain tissue surrounding the ventricular cavities, and this 
uptake of histamine shows differences dependent on the structures of the 
ventricular wall, the highest concentrations of histamine being found in 
the grey matter lining the ventricles (Draskoci, Feldberg, Fleischhauer & 
Haranath, 1960). It may be assumed that other substances also present in 
the ventricular fluid enter these regions, and that in the present experi- 
ments cupric ions travel together with histamine in the brain tissue to 
reach the sites where the histamine is methylated. ci. : 

It is evident from a comparison of Table 1 with previous findings 
(White, 1960) that results obtained by collection of the effluent from the 
aqueduct are more consistent than those obtained by collection from the 
cisterna magna. These two techniques differ in that the fourth ventricle 
and part of the subarachnoid space are perfused in the latter method, but _ 
not in the former. It is also evident that the aqueductal perfusions tend to 
give lower figures for the sum of methylated derivatives. This may be 
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explained by methylation in the cerebellum and the caudal part of the 
brain stem (Brown ef al. 1959), which are not reached by the perfusion 
fluid when the aqueduct is cannulated. When the effluent is collected from 
the cisterna magna the cerebellum and the brain stem may be reached, in 
different experiments, by varying amounts of “C-histamine (Bhawe, 1958), 
and therefore variable amounts of !4C-methylhistamine may be formed. 
Further, the drainage through the cisternal cannula of fluid containing the 
radioactive substances may vary. This could also explain the variable and 
low values for the total recovery in the cisternal perfusions. 

The present experiments in vivo demonstrate that cupric chloride and 
chlorpromazine decrease the amount of methylhistamine and methylimi- 
dazoleacetic acid formed during the experiment. The experiments do not 
supply precise evidence as to the mechanism responsible for this effect. It 
should be noted that the doses employed were rather lafge, and that the 
drugs may influence various functions in the organism. The greatest 
inhibition of the methylation of histamine was observed when cupric 
chloride was perfused through the ventricles. In this case the possibility 
must be considered that the cupric salt so altered the qualities of the lining 
surfaces of the ventricles that less histamine penetrated into the brain 
tissue, thereby causing less methylated histamine derivatives to be formed. 
If thishad been so, andthemethylating capacity of the tissue was still intact. 
one would expect to find less unchanged histamine in the tissue. On the 
other hand, if the penetration of histamine into the tissue from the 
ventricles had been normal, but the methylating process inhibited, then 
one would expect to find more unchanged histamine in the tissue, and less 
methylated derivatives. It can be seen that in Expts. 3 and 4 of Table 2 
the findings agree best with the latter alternative. Thus it seems likely that 
the limiting factor in the experiments with intraventricular copper is the 


methylating capacity of the brain tissue rather than the penetration of © 


histamine into the tissue. 


Cats pre-treated with intramuscular injections of chlorpromazine 


showed less methylation of histamine during aqueductal perfusions than 
the control animals. Chlorpromazine is present in the rat brain tee 
hours after an intramuscular injection of the drug (Wechsler & Forrest, 
1959). The amount found in the brain after a dose slightly larger than that 
employed in the present report corresponds to a concentration of chlorpro- 
mazine greater than that producing inhibition of histamine methylation 
in vitro (Brown et al. 1959). The complexity of action of chlorpromazine in 
the intact organism makes the interpretation of any observed effect of the 


drug difficult, but the available evidence would agree with the assumption - 


that chlorpromazine inhibits histamine methylation in the brain by in- 
hibition of the histamine-methylating enzyme. 


| 
4) 
if 
RE 
rh 
i 
it BE. 
BY 
a 
tee 
| 
iB 
¢ 
Bite 


INHIBITION OF METHYLATIQN OF HISTAMINE 197 


SUMMARY 


1. Cupric chloride inhibited the methylation of histamine in the brain 
after intravenous and intraventricular administration. 

2. Chlorpromazine injected intramuscularly inhibited the methylation 
of histamine in the brain. 

3. Possible mechanisms of these actions of copper and chlorpromazine 
are discussed. 


The investigation was supported by grants from the Medical Faculty, University of Lund, 
Sweden. AB Leo, Hialsingborg, Sweden, kindly supplied the chlorpromazine, and also part 
of the methylhistamine. 
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‘SOME EFFECTS OF HISTAMINE AND TWO HISTAMINE 
METABOLITES ON THE CAT’S BRAIN 


By T. WHITE 
From the Institute of Physiology, University of Lund, Sweden 


(Received 19 December 1960) 


Brain tissue of several mammalian species including the cat can meta- 
bolize histamine by means of methylation of histamine on the imidazole 
ring (Brown, Tomchick & Axelrod, 1959; White, 1959, 1960). The result- 
ing product, methylhistamine (1-methyl-4-(8-aminoethyl)-imidazole), is 
known to have little or no biological activity in comparison with histamine. 
This has been demonstrated on various test substrates sensitive to hist- 
amine, such as the isolated guinea-pig ileum, the cat’s blood pressure, and 
the bronchial resistance of the guinea-pig (Lee & Jones, 1949; Westling, 
1957). Therefore, methylation of histamine is generally considered to be 
an inactivation of histamine. However, so far no experiments have been 
reported to show that histamine has effects on the brain that methyl- 
histamine has not. 

The present experiments made use of two previous findings on the effect 
of histamine on brain function, namely the capacity of histamine to change 
the behaviour of conscious cats after injection into the lateral ventricle 
(Feldberg & Sherwood, 1954), and the observation by Trendelenburg 
(1957) that intraventricular histamine produces a blood pressure rise in 
anaesthetized cats. It will be shown that methylhistamine does, in fact, 
lack the pharmacological actions of histamine on the brain, as judged by 
the effects after intraventricular administration. 


METHODS 


Three cats of either sex weighing 3-0—3-6 kg were used for the intraventricular injections 
on unanaesthetized animals. A Collison cannula was implanted into a lateral ventricle as 
described by Feldberg & Sherwood (1953). Each injection consisted of the drug to be tested 
dissolved in 0-2 ml. Tyrode solution, washed in with another 0-2 ml. Tyrode solution. Control 
injections of Tyrode solution had little or no effect on the animals. They either behaved just 
as they did before the injections, or they were somewhat less active during a few minutes, 
sometimes exhibiting one or two licking movements. Histamine was used in a dose of 100 ug 
and had the following effects: increased respiratory rate, panting, swallowing, retching, 
vomiting, and defaecation. These signs developed within approx. 5 min and disappeared 
gradually during the following 30-60 min. During the following hour or so the cat lay down 
in its cage, and then returned to its normal behaviour. These and other observations were 
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similar to those reported by Feldberg & Sherwood (1954). Vomiting and defaecation ap- 
peared in most experiments but were not constant signs. The increase in respiratory rate was 
a regular sign that could be quantitatively measured. The respiratory rate was counted at 
5 min intervals after each injection for at least 30 min, or until it returned to the starting 
level. The increase or decrease in respiratory rate was calculated as the difference between 
the highest or lowest observed value after the injection and the mean of two observations 
10 and 5 min before injection. 

injections were made at intervals of 7 days or longer. Each injection of methylhistamine 
(or methylimidazoleacetic acid) was always preceded and followed by histamine injections. 

Nineteen cats of either sex weighing 2-0-3-5kg were anaesthetized with ether and 
chloralose (70-80 mg/kg) and used for the ventricular perfusion experiments, Blood pressure 
was recorded in a femoral artery. The ventricular system was perfused with Tyrode solution 
from the lateral ventricle to the aqueduct, as described by Bhattacharya & Feldberg (1958). 
The infusions were made with a motor-driven syringe at a constant rate of 0-24 ml./min. The 
infusion could be switched over from plain Tyrode solution to Tyrode solution containing 
histamine, methylhistamine or methylimidazoleacetic acid. These substances were usually 
perfused for 6 min, and then the perfusion with plain Tyrode solution was resumed. The 
effluents collected from the aqueduct were clear and colourless. The volume of the effluent. 


_ was always slightly greater than the volume infused. Perfusion of Tyrode solution mone had 


little or no effect on the blood pressure. 

Five cats anaesthetized as above were used for the ventricular injection experiments. The 
lateral ventricle was cannulated (Feldberg & Sherwood, 1953) and injections were made as 
described above for the conscious animals. Blood pressure was recorded in a femoral artery. 

The Tyrode solution had the following composition (g/l.): Na€l 8-00, KCl 0-20, CaCl, . 
6H,O 0-40, MgCl,.6H,O 0-20, NaHCO, 1-00, and NaH,PO, 0-06. Histamine and methy]l- 
4-(B-aminoethyl)-imidazole) were used as the dihydrochlorides. 


- Methyl leacetic acid (1-methylimidazole-4-acetic acid) was used as the hydrochloride. 


The doses given refer to the bases. : 
RESULTS 
Intraventricular injections in conscious cats 
Twenty-two injections were given to three cats. Three injections of 
methylimidazoleacetic acid (100 ug twice, and 400 yg once) and six injec- 
tions of methylhistamine (100 and 400 yg three times each) had no observ- 
able effect on the behaviour of the animals, or caused changes similar to 
those produced by Tyrode solution alone. Histamine (thirteen injections) 
increased the respiratory rate by 49-152 respirations/min (corresponding 
to 100-790 %4). The effects of methylhistamine and methylimidazoleacetic 
acid on the respiration were small and variable, the extremes being a 
decrease of 12 and an increase of 28 respirations/min (corresponding to 
—40 and + 80%). 


Intraventricular injections in anaesthetized cats 
In three of these experiments it was confirmed that histamine injected 
intraventricularly raised the arterial blood pressure (Trendelenburg, 1957). 
The amounts injected were 50, 100 and 100 yg, and the corresponding 
pressor responses were 15, 40, and 70 mm Hg. In two experiments methy!l- 
histamine (100 yg) had no effect on the blood pressure. 
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Ventricular ‘perfusions in anaesthetized cats 
When the infusion was switched over to a solution containing histamine 
(100 g/ml.) a rise in blood pressure was regularly observed, similar to that 
obtained after intraventricular injection (Fig. 1). As a rule the blood 
pressure began to decline towards the normal level while histamine was 
still being infused. When histamine was perfused a second time after an 
interval of 20-50 min the pressor response. was much smaller or absent. 


B.P. (mm Hg) 


Histamine Histamine 
100 g/ml. 100 zg/mi. 


Fig. 1. The effect of ventricular perfusion with histamine on the blood pressure. 
Cat 2-3 kg, chloralose anaesthesia. Records from above: arterial blood pressure, 


signal, time marker (minutes). The signal indicates the periods when the perfusion 
fluid contained histamine. 


3 


8 


B.P. (mm Hg) 


Methyl- Histamine Histamine 
histamine 100 100 xg/mi. 
400 pg/ml. 


Fig. 2. The effect of ventricular perfusion with histamine and methylhistamine on 
the blood pressure. Cat 3-4 kg, chloralose anaesthesia. For explanation, see Fig.1. 


Methylhistamine had no significant pressor effect, although a rise of about 
10 mm Hg occurred once when methylhistamine was perfused in a con- 
centration of 400 .g/ml. No depressor responses to either of the sub- 
stances were observed during ventricular perfusions. When histamine 
(100 ng/ml.) was perfused after a perfusion of methylhistamine (400 g/ml.) 
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the pressor response to histamine was negligible (Fig. 2), and the impression 
was gained that a prior perfusion of methylhistamine (400 ug/ml.) dimin- 
ished the response to histamine. This effect of methylhistamine, which was 
not so obvious after perfusion in a concentration of 100 yg/ml., was ob- 
served in five experiments. However, it does not seem justifiable to state 
that methylhistamine significantly inhibited the pressor response to hist- 
amine, because of the limited number of experiments, and because compari- 
sons could not be made between the effects of repeated perfusion of 
histamine in the same animal (see above). 

In three experiments the effects of methylimidazoleacetic acid (100 yg/ 
ml. once, and 400 pg/ml. twice) were examined. Ventricular perfusion with 
this substance caused no change in the blood pressure. Histamine perfu- 
sion (100 ug/ml.), following perfusion of methylimidazoleacetic acid in a 
concentration of 400 ug/ml., gave in one experiment no pressor response, 
and in the other a small pressor response only (15 mm Hg). 


DISCUSSION 


The present experiments show that methylhistamine and methylimi- 
dazoleacetic acid are practically inactive in comparison with histamine 
after intraventricular administration, as judged from the behaviour of 
conscious cats, and from the blood pressure in anaesthetized cats. The 
experiments do not supply information on the mode of action of histamine 
on the brain. The observation that the first response to intraventricular 
histamine in anaesthetized cats is always greater than the following ones is 


Interesting, in view of the findings by Gertner & Kohn (1959) that the 


stimulating action of histamine on the superior cervical ganglion exhibits 
tachyphylaxis. This might be taken to suggest that similar mechanisms 
are operating in both cases. It was suggested by Trendelenburg (1957) 
that histamine exerts a direct action on specific ganglion cells of the central 
nervous system. The present experiments indicate that contact with 
medullary centres is not essential for the pressor response to intraventri- 
cular histamine. 

Histamine is present in the brain (Kwiatkowski, 1943; Harris, Jacob- 
sohn & Kahlson, 1952; Clouet, Gaitonde & Richter, 1957), it has pharmaco- 
logical actions on the brain, and it can be formed in the brain (Holtz & 
Westermann, 1956; White, 1959, 1960). These facts would seem to lend 
some support to the hypothesis that histamine has a physiological function 
in the brain. If this hypothesis is correct, and if the pharmacological 
effects of intraventricular histamine are related to the physiological actions 
of histamine, the methylation of histamine in the brain can be regarded as 
a process of physiological significance. 
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SUMMARY 


1. Histamine, methylhistamine, and usiAlisAipeidanslanontie acid were 
administered into the cerebral ventricles of cats. 

2. Only histamine caused changes in the behaviour of conscious cats. 
In anaesthetized cats ventricular perfusion with histamine gave a blood 
pressor response, whereas methylhistamine and methylimidazoleacetic 
acid were inactive. 


The investigation was supported by grants from the Medical Faculty, University of Lund, 
Sweden. 
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THE REPRESENTATION OF THE VISUAL FIELD 
ON THE CEREBRAL CORTEX IN MONKEYS 


By P. M. DANIEL ann D. WHITTERIDGE 


From the Department of Neuropathology, Institute of Psychiatry, 
Maudsley Hospital, London S.E. 5, and the Department of 
Physiology, University of Edinburgh 


(Received 4 January 1961) 


On the basis of his extensive and elegant anatomical investigations on 
the visual cortex, Poliak (1932) suggested that a mathematical projection 
of the retina on the cerebral cortex must exist. Talbot & Marshall (1941) 
used physiological methods to map the central part of the visual field on to 
the posterolateral surface of the cortex in the monkey. They devised an index 
of cortical representation expressed as the increment of the angle, measured 
radially from the centre of gaze, which is represented on each millimetre of 
cortex. We have confirmed their observations and have extended the mapp- 
ing to the buried visual cortex in the horizontal and vertical calcarine 
fissures. We have preferred to use the reciprocal of their index and to call 
it the cortical magnification, M. When this is measured along radii andat 

right angles to them, it provides the empirical quantitative relation which 
-Polyak wanted. It also defines the shape and size of the visual receptive 
field. We have made such a surface, folded it and compared it with the 
calearine cortex of the monkey. A preliminary account of this work has _ 
been published (Daniel & Whitteridge, 1959). 


METHODS 


Out of twenty-two monkeys and baboons, we have had satisfactory records from the 
posterolateral surface of the cortex in fourteen, from the cortex of the calcarine fissure in 
eight, The first satisfactory experiments were carried out in 1952, but subsequently there 
were a number of unsuccessful experiments due to haemorrhage and to prolonged lowering 
of the blood pressure by pentobarbitone. The last eight experiments on three baboons, 
three large macaques, a cynomolgus and a vervet monkey have all been successful. We have 
found operation on small macaques very difficult, as unavoidable blood loss on opening the 
skull is liable to cause serious lowering of the blood pressure. We have been careful to induce 
anaesthesia slowly, using Dr C. G. Phillips’s method of putting the animal in a small cage in 
a glass-fronted tank and pumping in nitrous oxide. The moment the animal appears to be 
unconscious, we have taken it out, given Nembutal (sodium pentobarbitone; Abbott 
Laboratories) 40 mg/kg, or hexobarbitone intraperitoneally, or chloralose 50-60 mg/kg 
intravenously. The animal is then put back into the small cage in room air and, after 
recovering from the nitrous oxide, it quietly becomes drowsy without further handling. In 
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one experiment in which the bone over the visual cortex was removed at a preliminary 
operation with aseptic precautions, the monkey readily entered the small cage 2 days later. 

Chloralose was used in the last four experiments. No differences in the extent of the 
responsive area with barbituates and with chloralose have been observed, but the cortex 
has been in better condition and the blood pressure consistently higher with chloralose. 
Blood pressure was checked at intervals by means of a cuff on the tail or thigh, with a 


microphone to detect pulsation. A saline drip was given and, if necessary, ‘Dextran’ was 


given intravenously to maintain circulating fluid volume. 

The bone over the posterior half of the left hemisphere was removed, giving an exposure 
from the posterior pole to the central sulcus, and from the mid line as far laterally as 
possible. The dura was opened under liquid paraffin. 

The eye was fixed by four sutures through the limbus, which attached it to a brass ring 
which enabled it to be moved about. The head was fixed by ear clamps and a jaw piece to a 
stereotaxic machine, and the Clarke-Horsley plane was levelled with a spirit level in the 
usual way. In experiments since 1958, in addition to a general anaesthetic the monkey was 
given tubocurarine 0-2 mg/kg 1.v. with artificial respiration, as no other way of preventing 
eye movements was found to be completely effective. Each animal was kept under full 
anaesthesia for up to 18 hr, when it was killed by an overdose of pentobarbitone and the 
brain perfused with 10% formol in NaCl solution 0-9 g/100 ml. The brain was removed on 
the following day, fixed for 3 weeks in 10 % formol, embedded in low-viscosity nitrocellulose 
and cut serially at 100 ». Sections were stained with Weil’s method for myelin and photo- 
graphed at x 7-5 or x 10. 

The stereotaxic machine was arranged so that the right eye was at the centre of an Aimark 
perimeter whose arm had a diameter of 33 cm. The eye was roughly centred by determining 
the optic axis by the reflexion of an image from the centre of the cornea. This does not, 
however, determine the visual axis, which is usually about 5° to the nasal side. In the later 
experiments one electrode was placed on the most lateral and anterior part of the superficial 
visual cortex and left there throughout the experiment. The eye was then moved by its ring 
until a light at the centre of the perimeter gave the largest and earliest response obtainable 
from this electrode, The animal was then given tubocurarine (in the later experiments). 
Before every observation with an exploring electrode the response from a central light was 
checked with the fixed electrode. The results of Talbot & Marshall (1941) and our own agree 
that the fovea is represented at the anterolateral corner of the visual area. As at this point 


1° of the visual field is represented over nearly 6 mm of cortex, a minor displacement of the — 


fixed electrode is of little importance during experiments with the ‘peripheral field. The 
cornea was kept moist, but no contact lens was used. 

As electrodes we have used steel needles with shafts of 500 » diameter with a long taper 
to less than 10 yu. Such needles leave easily recognized tracks. In this work it was essential 
to plot as many responses as possible in each experiment, and therefore no systematic 
attempt was made to record from single units. Instead, we have mapped the centre of the 
area on the perimeter which gave, from the recording electrode, the largest response of 
shortest latency. When responses from the same cortical point were repeatedly mapped in 
the dark, they agreed within 1°. Responses from the same cortical point recorded more than 
half-an-hour apart agreed to within 1°. 

The perimeter gave white round illuminated ime of 38 cd/m*. The area illuminated 
was approximately a circle whose diameter could be varied from 1 to 10 mm. A transistor 
photocell excited from the light beyond the shutter provided synchronization of the cathode- 
ray tube sweep with ‘off’ and ‘on’ illumination, but for searching the field a neon tube 
5 mm in diameter was used, which flashed for about 5 msec every 2 sec and was triggered 
from the sweep. This provided too much light for exact localization, and final mapping was 
done with a light spot of 1 mm diameter which subtended 10’ at the eye, illuminated by 
0-38-3-8 cd/m*. 
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RESULTS 
Gross anatomy 
There seems to be very little difference between the calcarine areas in 
the brains of Macacus rhesus, M. cynomolgus and the vervet monkey. The 


baboon has a larger brain, and the calcarine cortex is further from the 
surface than it is in the macaque, but the general arrangement of the 


calcarine cortex seems to be the same. Though no electrical recording has 


Text-fig. 1 3 
A. Increase in a resting discharge in a cortical unit oaeng on’. Time marker, 
100 msec. 
B. Anumber of units from the cortex of a rhesus a 9-7-53. ‘On’-effects have 
a latency of 30 msec. 


C. ‘On’- and ‘ off’-effects, ‘eid an irregular ‘on discharge i in a cortical single unit. 
Time marker, 1/100 and 1/10 sec. Signal falls at ‘on’. 


been done on the squirrel monkey and the pigtailed monkey, sections of 
visual cortex have been examined and show much the same arrangement 
as in the macaque. On the other hand, the spider monkey, Aéeles, has much 
less of the macular cortex visible on the postero-lateral surface, and where- 
as the vertical limbs of the calcarine fissure lie in the same straight line in 
the macaque, they form an acute angle with each other in the spider 
monkey. On these points Polyak (1957) is very informative. 

We have little to add to the description by Talbot & Marshall (1941) of 
the superficial visual cortex. The anterior boundary of the optically 
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excitable cortex runs 1-2 mm posterior to the large vein that marks the 
lunate sulcus. A shallow sulcus is constantly seen in sections in the lower 
part of this area, but it is sometimes difficult to remove enough bone to 
expose this sulcus at operation. On the medial surface of the brain the 
calcarine fissure has a ~—{ shape, with a horizontal and two vertical limbs. 
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Text-fig. 2A 
Parasagittal section of the occipital region of a baboon’s brain. Cortex identifiable 
as area 17 is marked by a black line. In the stem of the ‘mushrooom’ there are 
four needle tracks made by needles slightly oblique to the plane of the section. | 
Two of the tracks, 3 and 6 of the series, have been shown as s though ae a cenach on 
to the plane of the section (cf. Text-fig. 2 B). 
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This surface has not been explored under direct vision, but histologically 
area 17 surrounds the vertical limbs of the fissure and forms a narrow band 
on each side of the more posterior part of the horizontal limb. In sagittal 
section the calcarine cortex has the shape of a mushroom, with a ‘head’ 
and a ‘stem’. In sections further from the mid line the ‘head’ gets smaller, 
and the most lateral sections show a ‘stem’ only, frequently cut obliquely 
(Pl. 1; Text-figs. 2, 3 and 7). The ‘head’ is frequently asymmetrical about 
the ‘stem’ of the calcarine cortex, with the lower part of the ‘head’ smaller 
than the upper part. Consistently with this, extra folds of the cortex on 
the lower wall of the ‘stem’ of the calcarine fissure are not uncommon. It 
therefore happens sometimes that area 17 is only found in the upper wall 
of the ‘stem’ of the calcarine fissure in the more medial sections. 


280-779 260 
Text-fig. 2B 

The responses in the visual field from track 3, ©; and from track 6, @. Owing to 

the S bend of the ‘stem’ of calcarine cortex, track 3 gives responses of three points. 

Track 6 which crosses the head of the ‘mushroom’ gives responses from four points. 


: The physiological responses 

We have recorded responses from the exposed cortex with a silver ball 
electrode 2 mm in diameter; from the deeper layers with stainless-steel 
needles of 5-10 p tip, and in later experiments with needles whose tips, 
produced electrolytically, were not more than 1-2 p. 

The silver ball regularly gave a response from the cortex, consisting of 
an earlier and a later wave, with latencies of 30-60 msec and about 100 msec. 
When the cortex was in good condition, the first wave could be localized 


to less than 1° on the perimeter, but if the amplitude of the response fell, 
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eo parasagittal section of the occipital region of a baboon’s brain, with four needle 


from the fixation point in degrees. Note that the upper lip of the calcarine fissure 


is concerned with points considerably further from the fixation point than is the 
lower lip. There is one minor inconsistency; 14° on track 3 should be somewhat 


tracks projected on to it. The figures beside the tracks refer to the radial distance 
lower to correspond with adjacent points (cf. Text-fig. 3B). 
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the point of maximum amplitude of the first wave was not distinguishable 
over about 3°. With the very fine needles the activity of cells and fibres 
could readily be recorded and occasionally large single units were obtained. 
No method has been devised which would permit of immobilization of the 
cortex over the 4—6 cm? needed for mapping, and it has not yet been 
possible to map systematically using single units. Further, the amount of 
detail provided by a fine electrode makes mapping so slow that it is un- 


80 90 190 


70 


Text-fig. 3B 
‘The corresponding points in the visual field. All four needle tracks give at first 
responses between 5 and 3° out. The roman figures are placed against their last 
responses, in each case in the upper visual field. 


likely that enough points could be dealt with in one experiment. We have 
found that needles of 5-10 » tip give large waves whose components can 
be easily identified and usually allow one to distinguish white and grey 
matter. 

With a steel electrode in the surface layers of the calcarine cortex a 
visual response was recorded at about 0-2 mm below the surface. This 
could be obtained from an area on the perimeter of about 10° in diameter 


with the neon lamp. Using white light and reducing the area illuminated 
3 14-2 
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to 10’ and the intensity by one or two log. units, we could obtain a response 
from an area of about 2—4° diameter. These were multiple-unit responses. 
When the needle was in the calcarine fissure and responses were being 
obtained from the light source more than 20° out on the perimeter, the 
receptive field from which responses could be obtained could not be reduced 
below a diameter of 10°, and the centre of this area could be identified to 

Usually when the recording electrode was lowered vertically across the 
calearine fissure, responses at first obtained from the lower visual field 


_ suddenly changed to the upper field when the electrode had moved a 


distance of about 200-300 ». Such ‘reversals’ of the receptive field were 
found, when the histological sections became available, to have occurred 
as the calcarine fissure was crossed. The receptive fields were seldom 
exactly symmetrical about the horizontal meridian. In the last four 
experiments the needle tracks crossed the ‘head’ of the mushroom. This 
gave either a series of four responses, as in Text-fig. 2B, or a series of 
points as in Text-fig. 3B, depending on the exact relation of the track to 
the surfaces of the calcarine cortex. The latency could be reduced to about: 
30-35 msec by increasing the strength of the stimulus (Text-fig. 1). 
Changes in polarity of the first response can be obtained with a small 
light spot, by shifting the position of the spot over a few degrees. These 
changes were most marked when the needle was crossing a layer of area 
17 obliquely. The distribution of potentials set up by illuminating small 


_ visual fields seems to be more complex than when the visual field is dif- 


fusely illuminated and area 17 is excited uniformly. On a few occasions 
single-cell responses were seen. They have conformed to the usual pattern 
of ‘on’ and ‘off’, ‘on’, or ‘off’ responses. Early responses have been 
elicitable from circumscribed areas on the perimeter of 1—-2° in diameter 
near the fovea, and up to 10° across in the peripheral field. No obvious 
differencesjin the receptive fields have been seen when leading from the 
different layers of the cortex, though very obvious differences were 
detected in the deeper layers of the colliculus in rabbits (Hamdi & Whitte- 
ridge, 1953) and the optic tectum of the pigeon (Hamdi & Whitteridge, 1954). 

In addition to these early responses, with a latency of 30-60 msec, late 
responses or a train of responses were frequently seen. These were always 


_ obtainable from a much wider area on the perimeter, even at times from 


the ipsilateral visual field. They have not been systematically studied 
(Text-fig. 1). 

The further the needle tracks were placed laterally, the nearer the 
receptive fields were to the horizontal meridian. A number of needle 
tracks were found to run close to the boundary between areas 17 and 18, 
a boundary which is quite unmistakable in sections. No visual responses 
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were obtainable from areas 18 or 19, which were frequently traversed by 
needle tracks which entered just in front of or behind the lunate sulcus. 

When the needle tracks lay in area 17 near to the boundaries between 
areas 17 and 18, the receptive field was always close to the mid line, i.e. in 
sectors 90—-105° and 255-270° (Text-fig. 3). 


The ipsilateral representation 

In one baboon there was a cataract in the contralateral eye, and the 
ipsilateral eye was used instead. As the bridge of the nose is very flat, the 
nasal field of the ipsilateral eye extends almost as far as does the temporal 
field. No difference in the magnification factor was found in the ipsilateral 
eye from the pooled results from all eyes. So far both eyes have not been 
studied simultaneously beyond the foveal region, nor has the region of the 
blind spot been specially examined. | 


| The magnification factor 7 

The angular distance apart of two receptive fields and the linear distance 
between the corresponding points on the calcarine cortex were measured. 
The magnification factor was obtained as millimetres of cortex concerned 


with 1° of visual field, by dividing the linear distance by the corresponding 


angle. The data from all experiments are given in Text-fig. 4, in which the 


- data for six segments, each of 30°, have been plotted separately. There is 


no significant difference between the six groups of points and one can 
therefore conclude that there is no significant difference between magnifi- 
cation factors for different radii in the monkey. The magnification factor 
measured radially over a small distance was found not to differ signifi- 
cantly from the magnification factor measured along the corresponding 
circumference. No simple equation has been found to fit the data. 
Neither plotting the data on a semi-log. basis nor plotting reciprocals of 
the data gives a straight line (Text-fig. 8). 

If in fact the magnification factor is the same at all points on a semi- 
circle of latitude in the visual field, and if it has this same constant value 
along all radii, where they cut this semicircle, the magnification curve 
should define the area of the visual cortex. The contralateral visual field can 
be taken as a quarter sphere. This is sufficiently exact for these purposes, 
as the receptive field continues beyond the points at which it is cut off by 
eyebrows, etc., in the position of rest of the eyes, and although the visual 
field extends to 90° out (Chow, Blum & Blum, 1950), the area of cortex de- 


voted to the extreme visual field is probably so small as to be negligible. 


One version of the theoretical visual cortex can be constructed from the 
empirical data by multiplying the length of each semicircle of latitude by 
the appropriate magnification factor, and then taking any one meridian— 
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say the horizontal meridian—and multiplying the angular distances 
between neighbouring semicircles of latitude along it by the appropriate 
mean value of /. 

If we give, say, unit radius to the quarter sphere representing the visual 
field, then an increment of 1°.in polar angle (measured from the fixation 
point) will correspond to an arc on the quarter sphere of length 7/180, and 


Magnification (mm/degree) 
| 


0 10° 20° 30° 40° 50° 
Eccentricity 


Text-fig. 4, The magnification factor plotted against eccentricity. The data have 
been grouped in sectors each of 30°. 


will be mapped on to our theoretical visual cortex as an arc of length 
M mm, The semicircle of polar angle @ will be represented on the quarter 
sphere by a curve of length 7 sin 0, and as the magnification acts uni- 
formly along the length of this curve, its image in the theoretical visual 
cortex will be a curve of length 
7sin@ 

7/180 


If 6, and 0, are the polar angles (in degrees) identifying two consecutive 
semicircles of latitude cutting the basic meridian at P, and P,, then in the 


M = 180M sin 6mm. 
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theoretical visual cortex the images of these points will be separated by a 
distance | 
M,+M, 

2 
measured along the image of the same meridian. (Here M, and M, are the 
magnification factors measured at the polar angles 6, and 6, respectively). 


(0, — 4) mm. } 
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10° 150 20° 30° 
Text-fig. 5. A projection on to a plane of the reconstructed surface for the left 
hemisphere. Figures refer to the conventional perimeter chart. This surface is | 
folded along the heavy dotted lines so that F touches E, that D and C touch B, and 
A folds round so that it touches and overlaps the deep surface of B. 


Text-fig. 6. Photographs of the model before and after folding. The main horizontal 
and vertical folds have been completed, but the remainder are only indicated. 


This provides the dimensions of a model which can be made in wire 
covered with paper or cloth and used as a mould for a cast in latex or in 
‘plasticine’. The cast can then be folded to correspond with the visual 
cortex (Text-fig. 6), Folding (but not stretching or tearing) will not 
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Text-fig. 7 


A, Parasagittal sections, 2 mm apart, of the occipita region of a baboon’s brain. 
Most lateral section above. Most medial section below. © * 


B. Parasagittal sections of a ‘plasticine’ model made and folded as in Text- fig. 5. 
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affect its validity. It has been found empirically that if two principal 
folds are made, one horizontal at 25-90° and one vertical at about 8-9°, 
with the appropriate connecting folds of Text-fig. 5, the resulting folded 
surface resembles the visual cortex closely. If serial sections are cut of 
both, the correspondence of the model with the visual cortex can be seen 
in Text-fig. 7. 

The area of the model can be measured by using strips bounded by 
semicircles of latitude, and has a value of 1320 mm?. Various measure- 
ments of the area of the visual cortex are given in the literature. That 
given by Clark (1941) for the macaque is 1445 mm.? Another estimate is 
650 mm?, uncorrected for 70° linear shrinkage (Chow et al..1950). 


DISCUSSION 


The technical difficulties in producing a self-consistent plot of the visual 
field on the calcarine cortex have been almost entirely due to unwanted 
eye movement. Adequate curarization of an animal kept under full 
general anaesthesia has been by far the best way of avoiding small move- 
ments, and constant checking of the visual fixation by means of a fixed 
electrode left on the cortex at the foveal representation provides an 
adequate safeguard. No doubt more accurate mapping could have been 
attained by leading only from single units in the cortex. It is, however, 
essential to lead from a very large number of points in each experiment to 
obtain a useful map, and the time available while the animal remained in © 
good condition made multiunit recording inevitable. This results in 
leading from larger areas without sharply defined edges, but as the centre 
of the receptive area can be defined to 1° or less, it causes no serious 
difficulty. 

The density of the degeneration produced in the lateral geniculate bide: 
both by small retinal lesions (Clark & Penman, 1934) and by small cortical 
_ lesions (Polyak, 1957) suggests that geniculate-ganglion cells and also 
cortical cells having adjacent or overlapping receptive fields must be 
closely adjacent. This provides some further justification for using large 
electrodes which pick up the summed effects from many cells. Direct 
mapping of receptive fields of adjacent cortical nerve cells has been 
achieved on one occasion. All the fields seen were overlapping. In the 
monkey’s lateral geniculate body such receptive fields have also been 
found to overlap (P. M. Daniel, K. N. Seneviratne and D. Whitteridge, 
unpublished). 

The errors involved in the estimation of magnification factors are not 
negligible. Measurement of the distance between points in the visual field 
has an error of 10°% at least, and measurement of the distance between. 
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corresponding points on the cortex has difficulties arising from uncertainties 
due to leading from different points in the thickness of the cortex, especially 
when this has been crossed obliquely. There are also errors in measurement 
ofections caused by unequal shrinkage. Nevertheless, the points obtained 
make it obvious that there is a relationship between cortical magnification 
and eccentricity (Text-fig. 4). Talbot & Marshall (1941) suggest in their 
text that this is a discontinuous relation but their Fig. 5 makes it clear that 
the relation is a. continuous one. 

The only assumption which is required in order to calculate the area of 
the visual receptive field from measurements of cortical magnification is 
that the magnification depends only upon the distance from the fovea and, — 
at any point, is the same for all directions. If all the data are grouped into - 
six sectors each of 30°, as in Text-fig. 4, it seems that there is no appreciable 
difference between them. However, in the frog, there are large differences 
between magnification factors. measured along: horizontal and vertical 
meridians (Jacobson, 1960) and in the pigeon there is an area of increased 
magnification corresponding to the anterior end of the horizontal meridian | 
(D. Whitteridge, unpublished observations). 

In the monkey, differences in the shape of the visual area of the cortex 
between the scheme suggested here and the drawing of Polyak (1957, 
Fig. 259) are not very great. The foveal end of the visual! area is, we think, 
more pointed and the peripheral end more rounded, and the semicircles of 
latitude appear in a surface projection as straight lines at right angles to 
the meridians. The boundary of the figure is formed almost entirely by the 
vertical meridian and the semicircle of latitude for 90° is reduced to a very 
small strip, in which our model differs considerably from Polyak’s drawing. 

_ Some attempt to relate minimal angle of resolution and the distribution 
of retinal ganglion cells in man has already been made by Weymouth 
(1958), who points out that both fall off linearly with eccentricity for 30°. 
There are, unfortunately, no reliable ganglion-cell counts for the peripheral 
retina. Before we can provide an anatomical basis for the minimal angle of 
resolution from the retina to the cortex, we need to know if there is 
multiplication or reduction of cell paths in the lateral geniculate body, and 
how axons from the lateral geniculate body are distributed to the cortex. 

' On the first point the data are probably insufficient. Brindley (1960) 
has quoted figures which suggest that there is multiplication of paths at 
the lateral geniculate in the monkey and even greater multiplication in the 
cat, but, on the contrary, a reduction in paths in man and in the rat. 
Unfortunately, estimates by different authors for the number of cells in 
the same structure do not agree closely. 

Data are less incomplete for the monkey than for other animals. There 
are 1,210,000 nerve fibres in the optic tract (Bruesch & Arey, 1942) and 
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1,590,000 cells in the small-celled layers and 209,000 cells in the large- 
celled layers of the lateral geniculate body (Clark, 1941). After allowing 
for fibres in the optic tract which run to the superior colliculus and else- 
where, this certainly suggests that there are more cells in the lateral 
geniculate body than in the optic tract, and that there may be twice as 
many. Glees & Clark (1941) have observed single optic-tract fibres ending 
on up to 5 cells in the lateral geniculate body, but they do not say whether 
this observation was made on cells at the posterior pole, which is the 
macular area, or at the anterior end where the peripheral field is repre- 
sented. On the crucial point, therefore, whether central and peripheral 
fibres behave in the same way or in different ways at the lateral geniculate 
body, there is insufficient evidence. 

For the optic radiations the situation is clearer. ‘Clark (1941) suggests 
that there is an even distribution of 1350 fibres/mm? to area 17. 

Sections of different parts of area 17 are remarkably uniform in appea- 
rance, though Chow et al. (1950) find 148 cells/0-001 mm? on the postero- 
lateral (macular) area as against 178 cells/0-001 mm* in the medial 
(peripheral) areas. Unfortunately the area of distribution of dendrites 
from single axons of the optic radiation is not known in the monkey. In 
the cat this extends to 650 » diameter, so that one axon can make synaptic 
contact with some 5000 cells (Sholl, 1956). 

From our own experimental data on the monkey, 1° at the fovea occupies 
about 6 mm linearly on area 17 of the cortex (Text-fig. 4). This is a con- 
siderably smaller figure than that given by Talbot & Marshall (1941) of 
2‘/mm, or 30 mm/degree. Central visual acuity has been measured for 
macaques by Grether (1941), who gives a minimal angle of resolution of 
0-67’. This must correspond to a cortical distance of 67 » in the area of 
foveal representation, or the distance occupied by about five cells in the 
densest part of layer IV of the cortex. So far there are no data available 
for the peripheral visual acuity in the monkey. It is, however, interesting 
to observe that magnification in the monkey and visual acuity in man 
both fall off in a very similar way in the peripheral field. In Text-fig. 8 the 


reciprocal of the magnification factor in the monkey has been plotted — 


against minimal angle of resolution in man. While this way of plotting 
magnification minimizes the scatter of values at small angles and exag- 
gerates it at large angles, there is reasonable agreement between the two 
sets of data. If, in fact, the peripheral visual acuity in the monkey does 
fall off as it does in man, it would follow that the minimal angle of resolu- 
tion would correspond to about 67 uw on the cortex of the monkey, both 
for the foveal area and for the extreme periphery. Presumably two peaks 
of excitation would have to be separated by this distance and by a corres- 
ponding number of cortical cells for them to give rise to separate sensations. 
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Although the essential information on the magnification factor in man 
is lacking, there are interesting points of comparison. The total area of the 
calearine cortex is about 3000 mm*, or about twice that of the monkey, but 
the cell density is not greater than half (Shariff, 1953). This is probably 
related to the greater number of fibre connexions per unit area (cf. Wright, 
1934). The shape of area 17 is probably similar to that in the monkey, 
though the folding of the cortex is very different. In transverse serial 
sections the foveal area is difficult to deal with and seems sometimes to 
have been omitted in studies of the human visual cortex. This is clear in 
one of the series of occipital lobes measured by Filimonoff (1933), where an 
apparently isolated sector of area 17 appears on the lateral surface about 
1 cm anterior to the posterior pole. It is also clear from Filimonoff’s very 
careful work that. a vertical fold similar to that seen in the monkey does 
occur in man in one brain in three or four. There is, however, usually 
longitudinal folding on both sides of the vertical fold. In the commoner 
arrangement the longitudinal fold forming the calcarine fissure runs 
almost from end to end of area 17 and smaller folds both parallel and 
transverse are to be found in the depths of the calcarine fissure. 

Recently it has been customary to minimize the importance of precise 
‘localization in the primary sensory areas. This has arisen partly from 
experiments of Lashley (1939) on the surviving ability of rats to acquire 
visual discrimination when all but a remnant of the visual cortex con- 
taining 700 geniculostriate cells in 1-5 mm? of cortex had been removed. 
This has been generalized into the statement that the visual area as a whole 
has some slight ‘action propre’, but not its parts (Boring, 1960). In- 
sufficient attention seems to have been paid in interpreting these experiments 
to the rat’s poor visual acuity, and the extent to which a very restricted 
visual field can be used by moving the head. The conclusions of Doty 
(1958) that localization in the cat’s visual cortex was not precise, apply to 
the later cortical waves and not to the earlier responses, which are sharply 
defined and can be mapped in a point to point manner (D. Whitteridge, 
unpublished observations). 

On the other hand, the classical observations of Holmes (1919) showed 
that sharply defined cortical lesions produce sharply. defined scotomata 
with edges separating areas of normal acuity from areas of total blindness. 
The work of Hubel & Wiesel (1959) suggests that point-to-point represen- 
tation on the cortex is an essential preliminary to the analysis of patterns 
by selective activation of cortical cells.. According to Maturana, Lettvin, 
McCulloch & Pitts (1960) the corresponding process in the frog’s tectum is 
carried out largely by retinal cells specifically sensitive to particular con- 
tours, but again a point-to-point representation on the corresponding 
surface in the central nervous system is present. In addition, more diffuse 
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mechanisms seem to be involved in the cortical responses of longer latency, 
but little is yet known of their afferent paths. 


SUMMARY 


1. The representation of the visual field on the calcarine cortex in 
baboons and macaques has been determined by means of long steel elec- 
trodes of less than 10 p» tip and small visual stimuli subtending 10’ of arc 
at the eye. 

2. The magnifigation factor, i.e. the linear extent of cortex concerned 
with each degree of visual field, has been determined. At the foveal region 
the minimal angle of resolution occupies an area of the cortex of about 
67 » in diameter. 

3. The magnification factor appears to be the same for all points on a 
semicircle of latitude, and for small angles of displacement in the visual 
field it appears to be independent of the direction in which the displace- 
ment is taken. 


4. From these data a surface can be calculated which can be folded to _ 
give a close approximation to the size and folding of the visual cortex. 
5. The applicability of these results to man is discussed. 


We are deeply indebted to Mr David Kendall of Magdalen College, Oxford, for suggesting 
the method of geometrical transformation and to Professor R. B. Fisher for advice on the 
treatment of the data. Part of the work was assisted by a grant from the Nuffield Foundation 
to Professor P. M. Daniel. We are also indebted to the Ross Foundation, Edinburgh, for the 
provision of a perimeter, to the Henderson Trust for the provision of some of the monkeys, 
and to Mr W. T. 8S. Austin and Mr R. Beesley for enthusiastic help. 
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EXPLANATION OF PLATE 


A parasagittal section 100 » thick of the baboon’s occipital cortex 4 mm from the mid line. 
Five needle tracks are visible, and are very nearly in the plane of the section. Weil’s stain. 
Scale in mm. 
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CHEMORECEPTOR ACTIVITY OF THE CAROTID BODY 
OF THE CAT 


‘By C. EYZAGUIRRE anp J. LEWIN* 


From the Department of Physiology, University of Utah College 
of Medicine, Salt Lake City, Utah, U.S.A. 


(Received 24 April 1961) 


The chemoreceptor activity of the carotid body of the cat has been 
extensively investigated both in the animal and in the organ perfused 
in situ (Heymans & Neil, 1958). It is generally accepted that hypoxia and 
hypercapnia increase the frequency of chemoreceptor discharges. How- 
ever, there has been controversy concerning the threshold of these receptors 
to O, and CO, tensions and the extent to which afferent-discharge frequency 


_is changed when the organ is exposed to different gas mixtures. 


Comroe & Schmidt (1938) found that O, had to be lowered to 50 mm Hg 
in the perfused organ before the receptors reflexly modified respiration. 
However, von Euler, Liljestrand & Zotterman (1939) and Witzleb, Bartels, 
Budde & Mochizucki (1955) recorded chemoreceptor discharges from the 
carotid nerve when the blood O, tension was above 100 mm Hg. The role 
played by haemoglobin-carried oxygen has also concerned a number of 
investigators, particularly since the O,-tension changes that greatly modify 
the frequency of the sensory discharges (below 100 mm Hg) also fall 
within the steep portion of Hb—HbO, dissociation curve. Von Euler et al. 
(1939) and Alvarez-Buylla (1951) suggested that chemoreceptor discharge 
is determined by blood oxygen saturation, discharge beginning when 
HbO, saturation falls below 96%. However, other evidence does not 
favour their view, since destruction of the O,-carrying capacity of Hb by 
CO does not affect chemoreceptor responses to changes in O, tension 
(Comroe & Schmidt, 1938; Duke, Green & Neil, 1952). 

Samaan & Stella (1935) found that CO, tension in the blood had to be 
raised above 32 mm Hg to activate carotid-body chemoreceptors. Von 
Euler e¢ al. (1939) have reported that chemoreceptors start discharging 
when the CO, tension is raised to 30 mm Hg, whereas Bartels & Witzleb 
(1956) have obtained threshold discharges at CO, tensions below 30mm Hg. 

Experiments were performed in the whole animal to define the range of 
chemoreceptor response to variations in the inspired O, and CO,. Results 


* Fellow of the Rockefeller Foundation. Present address: Department of Pharmacology, 
Catholic University of Chile, Santiago, Chile. 
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presented below indicate that chemoreceptors may be active even when 
the animal breathes pure oxygen. Their discharge increases with reduction 
of the inspired O,, this effect apparently being dependent on tension rather 
than on O,-content of the blood. Some chemoreceptors show activity at 
alveolar pCQ, levels below 28mm Hg and some chemoreceptor fibres 
respond both to hypoxia and to hypercapnia. A preliminary report has 
already been published (Eyzaguirre & Lewin, 1960). 


METHODS 


Cats were anaesthetized with sodium pentobarbital (Nembutal, Abbott Laboratories). 
The neck was opened in order to expose the carotid nerve, which was severed as far centrally 
as possible. Exposed tissues were covered with warm light paraffin oil and the nerve was 
laid on fine platinum-iridium electrodes. Sensory discharges were recorded by means of 
_ a.c. amplifiers, while the signals were fed to a double-beam oscilloscope for display. In 

addition, the output of the amplifier system was connected to an electronic counter and 
printer (CMC; Computer Measurements Co.) which recorded the number of impulses for 
1 sec once every second or once every 10 or 15 sec during the experiment. When carotid 
nerve filaments containing only chemoreceptor fibres were desired, these were obtained by 
division of the nerve. In all experiments the other carotid nerve and both aortic nerves 
were severed before recording, to decrease reflex blood-pressure changes during hypoxia or 
hypercapnia. The nerves connecting the glomus with the superior cervical ganglion were 
also severed. 

In all experiments a femoral vein was cannulated for injections. Flaxedil (gallamine 
triethiodide; American Cyanamid Co) 1-2 mg/kg was given intravenously to paralyse 
spontaneous respiration. This effect of Flaxedil lasted for 60-90 min. After this period of 
time the foot of the animal was squeezed to provoke a withdrawal reflex. If this reflex 
occurred, sodium pentobarbital (15 mg/kg) was given intraperitoneally. When withdrawal 
reflexes could not be elicited any more, Flaxedil 1-2 mg/kg was injected again intravenously 
to produce complete respiratory paralysis. These procedures were repeated as required. 

The trachea was cannulated and connected to a demand valve respirator (Ensco). The 
instrument allowed controlled changes of inspiratory pressure (and hence of tidal volume) 
and of the duration of inspiration and expiration. The input of the respirator was connected 
to cylinders containing known gas mixtures under pressure, and by a suitable’ arrangement 
of valves it was possible to switch rapidly from one gas mixture to another. The expired 
gases were passively expelled from the system through a valve in the respirator. The dead 

' space between the respirator and the trachea was less than 20 ml. Ventilation rates varied 

from 15 to 24 breaths/min in different experiments, with a ratio of inspiratory—expiratory 
durations of from 1:3 to 1:1-5. An 18-gauge needle was inserted into the tracheal cannula 
and in turn connected to a microcatheter cell of an infra-red CO, analyser (Beckman) for 
continuous monitoring of the alveolar (end-tidal) CO,. The output of the CO, analyser was 
connected to one channel of a Grass polygraph, while the other channel of the polygraph 
recorded blood pressure from the femoral artery through a P 23 AC Statham pressure gauge. 
The rectal temperature of the animal was kept at 37-38° C. The experiments were conducted 
at barometric pressures of from 638-0 to 645-6 mm Hg. 


_ RESULTS | 

Nerve discharges in the carotid nerve were identified as coming from 
pressoreceptors whenever their discharge occurred in bursts synchronous 
with the pulse. Chemoreceptor discharges were identified as those impulses 
159 
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having no relation with the pulse, whose number increased after turning 
off the respirator. The counter was gated to record only nerve impulses 
which were clearly above the amplifier noise. Since in most experiments 
there was obvious contamination of chemoreceptor discharges by presso- 
receptor impulses, blood pressure was measured throughout the experi- 
ment in all cases. Pressoreceptor contamination produced relatively large 
frequency readings (number of impulses/unit time) and probably a non- 
linear discharge frequency because of overlap and summation of sensory 
discharges; but in spite of these limitations of the method the frequency 
curves are felt to provide a fairly good index of events occurring at the 


sensory receptors during their exposure to different concentrations of 
O, or CO,. 


Effects produced by changes in O, content of the inspired gas 

In this experimental series ventilation was kept as constant as possible 
while the O, content of the inspired gas mixture was varied. Gas mixtures 
containing 10, 20, 30, and 50% O, in N, as well as 100% O, were given to 
the animal in different sequences while nerve impulses were recorded from 
the carotid nerve. Figure 1 is taken from an experiment which illustrates 
the variations in carotid-nerve discharge produced by changes in the 
inhaled oxygen mixture. The upper part of the illustration shows a record 
obtained during a 20 min period. The mean blood pressure was stable at 
about 110mm Hg and the alveolar pCO, fluctuated between 28-5 and 
30-2 mm Hg throughout that period. A base-line discharge of about 120/sec 
occurred while the animal inhaled 50% O, in N,. The frequency increased 
to about 310/sec in about 3-5 min when the gas mixture was replaced by 


20 % O, in N,, following which the discharge declined slightly and became 


stable at about 280/sec. Several minutes later the 20° O, was replaced by 
10 % O, in N,, and the discharge frequency increased to about 520/sec in 
about 4 min; it became relatively stable at this new level. At the down- 
ward arrow (Fig. 1) the gas mixture was again replaced by 20% O, and 
the frequency declined to about 200/sec in about 3 min. Several minutes 
later (not shown):-the frequency rose to a value similar to that previously 
obtained during inhalation of 20% O,. The lower part of the illustration 
shows measurements taken from the same preparation | hr later. During 
this series the mean blood pressure fluctuated between 104-6 and 
106-6 mm. Hg and the alveolar pCO, from 28-5 to 29-7 mm Hg. With the 
animal breathing 20°, O, the impulse frequency was about 220/sec. About 
1 min after 20% O, was replaced by 100% O, the discharge declined to 
about 50/sec. Four minutes later 100% O, was replaced by 50% O, in N,; 
the discharge frequency then slowly increased to about 100/sec. Finally, 
100 % O, was given again and discharges declined to about 60 sec. 
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The experiment just described shows that the maximal effect on chemo- 
receptor discharge produced by reduction of the inhaled oxygen is reached 
several minutes after a change in the inspired gas. The slowness of this 
effect may be due to a relatively slow washing out of the residual lung 


volume and/or to a genuinely slow chemoreceptor activation (Eyzaguirre 
& Lewin, 1961). 


600 


20% O, + 100% O, + 50% + 100% 

0 2 4 6 8 

Minutes 

Fig. 1. Changes in carotid- nerve impulses during inhalation of different oxygen 

mixtures. Recording from the whole carotid nerve. Discharges mainly from chemo- 

receptor fibre activity ; some contamination from pressoreceptor discharges. Mean 

blood pressure, 104-6—-106-6 mm Hg. Alveolar pCO,, 28-5-29-7. mm Hg throughout 

series. Lower trace 1 hr after upper trace. 


A more accurate estimate of the range in which chemoreceptors respond 
to different concentrations of inhaled oxygen was obtained in another 
series. The animal inhaled 100% O,, and once sensory discharges had 
become stable the average frequency per second was calculated. The same 
procedure was repeated after inhalation of 50, 30, 20 and 10% O, in Ng. 
Figure 2 illustrates such an experiment. The upper curve shows the 
relationship between impulses in the carotid-nerve discharge and con- 


centration of O, in the inhaled gas. As the concentration of the inhaled 
oxygen was reduced, the increase in frequency of individual units and 
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recruitment of previously silent fibres could be identified on the oscillo- 
scope screen. At all times during the experiment the blood pressure and 
alveolar pCO, were measured (middle and lower curves in the illustration). 


350 + 


Nerve discharge 


mm Hg mm Hg 


20 40 60 100 

| O, inhaled (%) 

4 _ Fig. 2. Relationship between concentration of inhaled O, and carotid-nerve impulses. : 
q Upper curve, average frequency during steady state +s.p. Middle curve, blood 

; pressure. Lower curve, alveolar pCQ,. : 


The experiments illustrated in Figs. 1 and 2 show that a small but 
significant ‘increase in chemoreceptor discharge may occur when pure 
oxygen is replaced by 50° O, as inspired gas. This effect, however, does 
i not always occur; a number of preparations fail to show a clear difference 
| in chemoreceptor activity between these concentrations of inspired oxygen. 
The increase in chemoreceptor discharge is always large when the inspired ke 
gas is reduced from 100 or 50% O, to 30, 20 and 10% O,. These observa- f 
tions touch on the point concerning the threshold of chemoreceptors to t 
oxygen. The non-pulsatile discharge, presumably coming from chemo- 
receptors, does not stop completely when the animal breathes pure oxygen: le 
it may be clearly identified on the oscilloscope screen. Moreover, chemo- 
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receptor discharges present during inhalation of gas mixtures containing 
more oxygen than room air need not result from an action by CO, as 
suggested by von Euler et al. (1939). Indeed, when O, mixtures are changed 
from 100 to 30% O, and the alveolar pCO, remains unchanged the incre- 
ment in chemoreceptor discharges is still considerable (Fig. 2), Another 
important point is that inhalation of different O, mixtures, in a range 
wherein Hb is nearly completely saturated with oxygen, still produce 
variations in the carotid-nerve impulse discharge. This indicates that 
oxygen tension rather than HbO, saturation of the blood is the factor 
responsible for stimulation of these receptors, as was suggested by Comroe 
& Schmidt (1938) and by Duke e# al. (1952). 


Effects of changes in ventilation ; the effects of O, and CO, tensions 

The preceding section described changes in chemoreceptor discharges 
produced by inhalation of different O, mixtures under constant ventilation. 
In this section changes in chemoreceptor impulse activity during inhala- 
tion of different O, mixtures obtained at different alveolar pCO, levels will 
be described. | 

Alveolar pCO, was changed by increasing or reducing the inflation 
pressure of the respirator with the animal breathing 100% O,. Once a 
given CO, level was obtained, the inspired oxygen was reduced, in steps, 
to 50; 20 and finally 10% 0, in N,. At each O, level discharges were 


allowed to stabilize and the average frequency was calculated. After the 


end of a series the alveolar pCO, was set at a different level and the pro- 
cedure repeated. The alveolar pCO, levels studied ranged from 10 to 
60 mm Hg. It must be said beforehand that a reduction in ventilation 
may produce not only hypercapnia but also a decreased arterial pO,, even 
if the inhaled O, is maintained constant. But, as is shown below, hyper- 
capnic effects alone may be obtained if the inhaled mixture contains 50% 
or more oxygen, while at lower levels of O, inhalation a clear combination 
of hypoxia and hypercapnia occurs during changes in ventilation. Figure 3, 
taken from such an experiment, shows the relations between alveolar 
pCO,, concentration of inspired O, and carotid-nerve discharge frequency, 
plotted in an isometric diagram. In this experiment contamination from 
pressoreceptor discharges was negligible. From the illustration one may 
see that the lower two oxygen-impulse curves, recorded at alveolar pCO, 
levels below 30 mm Hg.-are similar to that presented in Fig. 2. When the 


CO, level was raised above 40 mm Hg (upper three oxygen-impulse curves) 


the curves started at a higher frequency level and tended to become steeper 
when the inspired O, was reduced from 50 to 10% O,. At these high pco, 


levels reduction of the inspired oxygen from 20 to 10% O, did not increase 


chemoreceptor dischayge, since the frequency curves had a tendency to 
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level off. The CO,-impulse curves obtained during inhalation of 100 or 
50 % O, are similar. They are S-shaped with a tendency to reach their peak 
once alveolar pCO, rises above 40 mm Hg. The CO,-impulse curve obtained 
during inhalation of 20% O, had a similar shape and also a tendency to — 
reach maximal discharge at the same alveolar pCO, levels, although the 
maximal absolute level was higher. Finally, the CO,-impulse curve con- 
structed during inhalation of 10% O, reached its peak when pCO, was 
raised near 30 mm Hg. 


MD 


50 
Fig. 3. Isometric diagram representing changes in carotid nerve impulses during 
inhalation of different O, mixtures at various ventilation levels. X axis, alveolar — 
pCO,; Y axis, concentration of inhaled oxygen; Z axis, frequency of carotid-nerve 
impulses; discharges mainly from chemoreceptors. Mean blood pressure 140— 
170 mm Hg throughout the series. Oxygen—impulse curves obtained during inhala- 
tion of O, (100-10 %) at different pCO, levels. CO,-impulsecurvesrep timpulses 
obtained at different pCO, levels during inhalation of pure oxygen, and of 50, 20 
and 10% O, in N, (see text). 


Inspection of the isometric surface shows that chemoreceptors are capable 
of responding to low CO, tensions (27-28 mm Hg or less), as was suggested 
by Bartels & Witzleb (1956). Increasing pCO, levels (during inhalation of 
more than 30 % O,) determined an elevation of the isometric surface which 
may be entirely due to hypercapnic effects. On the other hand, the steep 
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_ incline shown at the left of the surface is probably produced by hypoxia 


and by a combination of hypoxia and hypercapnia. 

The maximal response of the chemoreceptors to CO, appears when pCO, 
is raised above 40 mm Hg. This response, however, appears at a lower 
discharge level when the animal inhales 50-100 % O, than during inspira- 
tion of 20-10% O,. The additional discharges in the latter case are pro- 
duced by recruitment of new units (identified on the oscilloscope screen) 
and probably by an increase in the frequency of individual chemoreceptor 
fibres (see next section). The upper left edge of the isometric surface shows 
that discharges obtained during inhalation of 10% O, may still be in- 
creased if alveolar pCO, is increased up to about 30mm Hg. Further 
increase in CO, does not produce greater frequency of chemoreceptor dis- 
charge; the receptors seem to have reached total ‘saturation’. In con- 
clusion, it seems that there is a definite interaction in the response of 
chemoreceptors to O, and CO,. A similar conclusion has been reached 
recently by Joels & Neil (1961), using the perfused carotid body of the cat. 


The response of single chemoreceptor fibres to hypoxia and to hypercapnia 

Results presented in the preceding section suggested the possibility that 
single chemoreceptor fibres would change the frequency of their discharge 
under the influence of both low oxygen and high carbon-dioxide tensions. 
In experiments designed to test this possibility, single fibres were dissected 
from carotid nerve filaments and tested for chemoreceptor activity as — 
indicated previously. The animal was made to inhale gas mixtures con- 
taining different concentrations of O, or CO,. Figure 4 illustrates such an 
experiment. The animal was made to inhale either 100% O,, 20% O, in 
N, or 6% CO, in O,. Im all series the counter was set to count impulses 
at 1 sec intervals once the discharge had become stable at each new level. 


_ Figure 4A shows that during inhalation of 100% O, aperiodic discharges 


occurred and during long intervals of time no impulses were recorded. 
Figure 4B shows another run in the same preparation, but this time the 
animal was inhaling 6% CO, in O,. The discharge was still irregular but 
the silent periods were shorter than in A. Figure 4C illustrates another run 


- after returning to 100% O,, and the discharge pattern was similar to that 
recorded in A. Figure 4D shows the discharge obtained during inhalation 


of 20% O,. In this case more impulses per unit time were counted and 
discharges occurred during each of the measured intervals. Figure 4K 
shows results similar to those illustrated in B. In this experiment the 
alveolar pCO, was 42-46 mm Hg during inhalation of 100 or of 20% O, 
and it rose to 53-57 mm Hg during inhalation of 6% COQ,. 

The experiment illustrated in Fig. 4 shows that the discharge of single 
chemoreceptor fibres is aperiodic, particularly during inhalation of pure 
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oxygen. Inhalation of 6% CO, in O,, which increases the alveolar pCO, 
to values where chemoreceptors respond maximally to CO,, still produces 
an aperiodic discharge, although the silent periods between discharges are 
shorter than during inhalation of pure oxygen. Inhalation of 20% O, 
instead of 6% CO, in O, seems to be a more adequate stimulus to these 
receptors, since the discharge is more regular and it occurs at higher 


1 
“44-10 % Oy 
4 2- | 
4 4 _ 6% CO, in 0, 
B 2- 

ca 

4-5 100% O, | 


4- 6 % CO, in O, 


—E 2- | 
| 
10 20 30 : 


0 
Seconds 


Fig. 4. Frequency changes in single chemoreceptor fibre during inhalation of 
different gas mixtures. Five runs in the same preparation (A, B, C, D and E), 
each run obtained after occurrence of steady state (see text). Alveolar pCO, 42- 
46 mm Hg during inhalation of pure oxygen or O, in N,; 53-57 mm Hg during 
inhalation of 6% CO, in O,. Ordinate, frequency (imp./sec); abscissa, time. . 


frequency. This observation brings the chemoreceptors into line with other 
well known slowly-adapting receptors, where weak stimulation determines 
an irregular discharge; this irregularity tends to become less conspicuous 
when the stimulus is increased. A better view of events occurring in single 
chemoreceptor fibres during inhalation of 100% O,, 20% O, or 6% CO, 
in O,, is presented in Fig. 5. The animal inspired a given gas mixture for 
several minutes; once discharges reached a steady state the counter was 
set to count the total number of impulses occurring during a period of : 
20 sec. After this period the gas mixture was changed and the procedure | 
repeated. It is clear that fewer impulses were always obtained during _ } 


} 
| 
| 
8 20% O 
2 
6 
D 
4 
2 
: 
j 
te 
4 
~ 
in. 
4, 
Fe 


CAROTID BODY CHEMORECEPTORS 231 


inhalation of pure oxygen. The number of recorded impulses increased 
when 100% O, was replaced by 6% CO, in O,; their number increased 
still further when 20% O, was inspired. 

The experiment just described shows that a single chemoreceptor fibre - 
may respond both to low oxygen and high CO, tensions, Although only 
four fibres were analysed in this series, because of technical difficulties, it 
is suspected that non-specificity of chemoreceptor fibres to such stimulation 
is common. Joels & Neil (1961) have observed similar double effects in the 
perfused carotid body of the cat while recording from single chemoreceptor 
fibres. 


10 A 


No. of impulses 


0 - 
pCO, 52-0 33-3 326 32-8 49-7 42-6 53:2 461 46-1 46-7 568 48:3 
ap. (mm Hg)100 88 113 110 105 100 113 113 163 113 108 100 


Fig. 5. Effects of changes in oxygen and CO, tension on single chemoreceptor-fibre 
discharge. A and B, two runs in the same preparation at 20 min interval. Bars 
represent number of impulses counted over a period of 20 sec during — state. 
0 100% O,; &} 20% O, in N,; w 6% CO, in O,. 


Effect of blood-pressure changes on chemoreceptor discharges 


It is well known that a decrease in systemic blood pressure produces an 
increase in chemoreceptor activity. In fact, Landgren & Neil (1951) have 
shown such an effect by bleeding an animal and lowering the mean blood 
pressure to about 50mm Hg. However, no systematic studies relating blood- 
pressure changes and chemoreceptor discharges seem to be available. 

The present series was designed to study under controlled conditions the 
effects of low blood pressure on chemoreceptor discharge. Figure 6 illu- 
strates such an experiment. The cat was breathing air while carotid nerve 
impulses, blood pressure and alveolar CO, were simultaneously recorded. 
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As in other experiments, both aortic nerves, the other glossopharyngeal 
nerve and the ganglio-glomerular connexions were severed. The carotid 
nerve in this preparation yielded a discharge of some 350 imp./sec with 
a range between 300 and 400 imp./sec. The mean blood pressure of the 
animal ranged from 140 to 150mm Hg, while alveolar pCO, was 
25:1mm Hg. Hexamethonium (hexamethylenebis(trimethylammonium 
chloride); Burroughs Wellcome) 5 mg/kg was given intravenously. One 
minute after the injection the nerve impulses rose to about 460/sec. At this 
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Fig. 6. Effect of systemic blood-pressure changes on carotid-nerve discharges. 
Vertical line indicates time of intravenous injection of hexamethonium 5 mg/kg. 


point the blood pressure of the animal remained unchanged (140 mm Hg) 
and the alveolar pCO, was still 25:1 mm Hg. Thirty seconds later the 


impulses rose to 575/sec while blood pressure fell to 70mm Hg and 


alveolar pCO, decreased to 21:6mm Hg. Further lowering of blood 
pressure to 45mm Hg caused no further change in the frequency of 
chemoreceptor discharges: At the latter blood-pressure level no nerve 
_ discharges synchronous with the pulse could be identified on the oscillo- 
scope screen. Eight minutes after the injection the blood pressure rose to 
about 90 mm Hg but the discharge frequency was still about 450 imp./sec. 
Thirty minutes after the injection the preparation recovered to base-line 
levels (not illustrated). 
The experiment just described shows that after a large dose of hexa- 

methonium chemoreceptor discharges started to increase before any 
appreciable change in systemic blood pressure was detectable. This effect 
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may be due to an initial stimulant action of hexamethonium on the 
chemoreceptors, although the available evidence indicates that this 
drug depresses chemoreceptor discharges (Gollwitzer-Meier & Witzleb, 
1953; Dontas & Nickerson, 1954). Consequently, further clarification of 
the early discharge produced by hexamethonium during hypotension is 
desirable. Some animals showed a great sensitivity in their chemoreceptor 
response to blood-pressure changes, since variations of the order of 
20 mm Hg produced at times a marked change in chemoreceptor impulse 
traffic. Other preparations, on the other hand, were rather unresponsive 
to blood-pressure changes with regard to chemoreceptor discharges. The 
cause of these variations is unknown and they may depend on local 
eirculatory conditions, which may vary from one animal to another 
(Chungcharoen, Daly & Schweitzer, 1952). In general, however, it was 
found that maintenance of a normal blood pressure was essential for 
chemoreceptor response to variations in the inhaled gases. Animals with 
low blood pressure (50-80 mm Hg) showed a dense carotid nerve discharge 
but were unresponsive to other forms of stimulation. However, Landgren 
& Neil (1951) have shown that chemoreceptor hypotensive oe sited 
be decreased by inhalation of 100% O,. 


Chemoreceptor discharges during carotid occlusion 


In the cat occlusion of the external carotid artery produced an appreci- 
able increase in chemoreceptor discharges (Chungcharoen, Daly, Neil & 
Schweitzer, 1952). In order to study the temporal course of these events, 
experiments were performed in which the carotid and aortic nerves and 
the ganglio-glomerular connexions were previously cut; the animals were 
breathing 20% O, under controlled ventilation. Such an experiment is 
illustrated in Fig. 7. A base-line discharge of about 185 imp./sec was 


recorded. At the upward arrow, flow in the ipsilateral carotid artery was 


interrupted and discharges rose to about 450 imp./sec in 25 sec. At this 
point pressoreceptors were silent, A few seconds later the clip was rapidly 
removed and discharges decreased to a minimum of 75 imp/sec in about 
15 sec, Afterwards discharges came back to base-line levels in about 30 sec. 
What, is noteworthy in this experiment is that the effects produced by 
carotid occlusion develop relatively slowly (about 25 sec) and that dis- 
charges come back to base-line levels only after a period of depression. — 
This undershoot may be due to a genuine off-effect, as it occurs in other 
receptor organs, or to reactive hyperaemia. Reflex vascular changes can 
be excluded, since the organ was isolated from all its nervous connexions. 
Carotid occlusion did not always produce such striking changes in chemo- 
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imp./sec 


Seconds 


Fig. 7. Carotid-nerve impulses during carotid occlusion. Recording from whole 
carotid nerve. At Ist (upward) arrow, external carotid artery occluded; at 2nd 


'y (downward) arrow, clip removed. Note increase in _— discharges and 
depression after removing clip. 


DISCUSSION 
Carotid-body chemoreceptors discharge to a wide range of O, concentra- 
tions in the blood and this effect appears to be dependent on the oxygen 
_ tension of the blood rather than on the oxygen saturation of haemoglobin. 
That the latter is not the important factor in determining the discharge in 
the chemoreceptors has been suspected for some time (Duke et al. 1952). 


At first glance this may seem unexpected, since the oxygen consumption | 


of the glomerular tissue is very high. But under normal circumstances the 
high O, consumption is compensated by a very rapid blood flow (2000 ml., 
100 g/min, according to Daly, Lambertsen & Schweitzer, 1954), However. 
one cannot dismiss entirely some role of haemoglobin in the activity of 
these receptors, since it is a constant source of O, which provides an 
adequate gradient to a tissue which is really an oxygen sink. The oxygen- 
carrying capacity of haemoglobin may become a very important auxiliary 
if for some reason blood flow through the region is impaired, as it may 
occur during carotid occlusion or hypotension. 

The question of the threshold of chemoreceptor fibres to oxygen and 
CO, tensions seems to be clearer now than it has been in the past. In fact. 
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some low-threshold units still discharge when ventilation is very high and 
the animal is inhaling pure oxygen. Other units are less sensitive and are 
activated only when the oxygen tension is drastically reduced. The same 
is true of units responding to CO, tension, since some fibres have a low 
threshold to CO, (27-28 mm Hg or less) while others need a higher CO, 
level to start discharging. In this connexion the higher threshold of 
respiratory chemoreflexes to low oxygen and high CO, have been some- 
what puzzling; O, has to be lowered to 100 mm Hg and CO, increased to 
37 mm Hg before detectable reflexes occur (cf. Heymans & Neil, 1958). 
But a close inspection of the O, and CO,-impulse curves presented in 
Figs. 2 and 3 may give a clue to this puzzle. Oxygen in the inhaled mixture 


has to be reduced below 30% O, before there is a steep increase in chemo- 


receptor discharge. It is possible that inhalation of mixtures richer in 
oxygen does not produce enough impulses to drive the respiratory centre. 
Likewise the S-shaped CO,—impulse curves of Fig. 3 during inhalation of | 
20-100 % O, show a steep ascent between 30 and 40 mm Hg, and it is 
between these points that reflex driving of respiration becomes evident. 
Also, from Fig. 3 one would expect that reflex driving of respiration would 
occur at lower CQ, levels when 10% O, is inhaled. | 
One salient point is the fact that single chemoreceptor fibres can respond 
to changes in both O, and CO, tension. This is probably a common pheno- 
menon, although the number of units sampled is small. It is not known, 
however, whether a single receptor site is non-specific or whether a single 


sensory fibre branches and innervates more than one receptor site specific 


either to hypoxia or to hypercapnia. Further work is necessary in order to 
elucidate this point. 

In conelusion it may be stated that carotid- body chemoreceptors respond 
to O, and CO, tension changes and that their discharge frequency is 
modified by reduction of the oxygen tension and by an increase of the CO, 
tension. However, at present the mechanism of this action is not known; 
a number of transmitters, metabolic and pH changes have been suggested 
as responsible for stimulation of the chemoreceptors by a number of 
workers in the field (cf. Heymans & Neil, 1958). But it is felt that the 
evidence available does not at present allow us to advance a plausible 
hypothesis as to the mechanism of activation of these receptors or about 


_ the nature of a possible transmitter substance. 


SUMMARY 
1. The carotid-body chemoreceptors respond to a wide range of oxygen 
changes. Inhalation of pure oxygen produces a low-frequency discharge 
in low-threshold chemoreceptors. Reduction of the inhaled oxygen 
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increases the frequency of firing of individual sensory units and recruit- 
ment of previously silent units occurs. 

2. A reduction of the O, tension in the plasma seems to be the factor 
responsible for the activation of these receptors. Saturation of Hb by O, 
seems to play only an auxiliary role. 

3. Changes in ventilation alter the impulse traffic of the carotid nerve. 
Some of these effects can be attributed to an action of CO,. Chemo- 
receptors may be stimulated at alveolar pCO, levels of less than 28 mm Hg. 

4. Single chemoreceptor fibres respond both to hypoxia and to hyper- 
capnia. It is not known whether chemoreceptors are non-specific in their 
response to these types of stimulation or whether a single chemoreceptor 
fibre branches and innervates different receptor sites specific either to 
hypoxia or to hypercapnia. | 

5. A fall in blood pressure strongly stimulates these receptors. How- 
ever, chemoreceptor discharges start to increase (after hexamethonium) 
before a general fall in blood pressure occurs. 

6. Carotid occlusion may stimulate chemoreceptors. Release of the 


occlusion brings back discharges to a levels after a period of © 


depression. 
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EFFECT OF DIFFERENT OXYGEN TENSIONS ON THE 
CAROTID BODY IN VITRO 


By C. EYZAGUIRRE anp J. LEWIN* 
From the Department of Physiology, University of Utah, College of 
Medicine, Salt Lake City, Utah, U.S.A. 


(Received 24 April 1961) 


Several studies performed in the animal have indicated that carotid- 
body chemoreceptors are stimulated by a reduction of the oxygen tension 
in the plasma rather than by a decrease in the oxygen saturation of haemo- 


globin. Comroe & Schmidt (1938) have been able to elicit respiratory 


reflexes during perfusion of the carotid body with blood equilibrated with 
carbon monoxide, in which the oxygen tension was low. Duke, Green & 
Neil (1952) have found that destruction of most of the oxygen-carrying 
capacity of haemoglobin by CO does not depress the response of these 
_ receptors to inhalation of low-oxygen gas mixtures. | 

The findings just described suggested the possibility of studying the 
response of carotid-body chemoreceptors to changes in O, tensions in 
preparations excised from the animal and placed in Locke’s solution 
equilibrated with gas mixtures containing different amounts of oxygen. 
Results presented below indicate that the excised glomus and the carotid 
nerve survive for hours in such a medium and that chemoreceptors 
respond at least qualitatively to different oxygen tensions as they do in 
the animal (Eyzaguirre & Lewin, 1961). 

Chemoreceptors discharge at low frequency when the bathing Listion 
is equilibrated with 100-50 % O,; their discharge increases to a maximum 
when the oxygen is reduced to 20-10%. This reduction in O, usually 
produces a frequency change which consists of a high-frequency peak 
followed by ‘adaptation’ of the receptors. Under the conditions employed 
the changes in chemoreceptors frequency produced by changes in O, 
tension of the saline proceed relatively slowly. Also, chemoreceptor dis- 
charge is enhanced by an increase in saline temperature above 37° C. 
A preliminary report has already been published (Eyzaguirre & Lewin, 
1960). 


* Fellow of the Rockefeller Foundation. Present address: Department of Pharmacology, 
Catholic of Chile, Santiago, Chile. 
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METHODS 


The carotid body and its own nerve, together with a stretch of carotid artery, were 
removed from cats anaesthetized with sodium pentobarbital (Nembutal, Abbott Labora- 
tories). Some animals received 10 mg heparin (Liquemin, Roche) 15-30 min before excision 
of the organ. Connective tissues surrounding the glomus were removed by dissection. Once 
cleaned the preparation was mounted in a small transparent chamber through which flowed 
modified Locke’s solution (NaCl 9-0, KCl 0-42, and CaCl, 0-24 g/l.) previously mixed with 
glucose 1-0 g/l. The pH of the Locke’s solution (7-4-7-45) was adjusted by means of Tris- 
HCI (tris(hydroxymethy])-aminomethane) and its temperature was kept at or below 37° C. 


YA 


Vv SS 


Fig. 1. Diagram of experimental arrangement. A, experimental chamber with 
three compartments, a, b and c; a contains carotid body in Locke’s solution (L) 
covered by paraffin oil where nerve is on recording electrodes; b communicates 
with athrough small tunnel and contains saline from ting vessels system ; 
c, overflow chamber separated from b by partition. Saline is drained from c by suc- 
tion pump. Tunnel bored around compartments allows flow of warm water coming 
from B. B, large tank filled with water at or below 37° C; temperature controlled 
by stirrer-circulator P which also induces flow of water through chamber A. In the 
tank, three vessels containing Locke’s solution (L) equilibrated with different 
O, mixtures and covered by thick layer of mineral oil. Oxygen flow controlled by 
valves pv; saline outflow controlled by valves v (see text). 


Figure 1 illustrates the experimental arrangement. A shows the experimental chamber 
machined from a Plexiglass block. The interior of the chamber had three compartments; 
compartment a contained the preparation and communicated with b through a small tunnel 
bored under the partition separating a and b. This arrangement allowed the flow of Locke’s 
solution (at 3-1—9-0 ml./min in different experiments) from under a layer of paraffin oil which 
remained undisturbed. Compartment b was separated from c by a slanted top partition 
which allowed saline to overflow into c, from where it was drained by a suction pump. The 
nerve was lifted into the oil in a, for recording of action potentials, which were fed to an 
oscilloscope, counter and printer (see Eyzaguirre & Lewin, 1961). Pressoreceptor fibres 
were eliminated by keeping the artery unstretched and by removing most of the adventitia 
(Alvarez-Buylla, 1954). B shows a large tank filled with water at temperatures thermo- 
statically controlled by a Tecam circulator and stirrer (P) which also circulated the water 
through the walls of the experimental chamber (a). Inside the tank were three vessels _ 
(2600 ml.) containing Locke’s solution (L), covered by a thick layer of paraffin oil. An oxygen 
mixture containing either pure oxygen or 50, 20, 10 or 5% O, in N, was vigorously bubbled 
into each vessel, sie at least 90 min before, and continuing throughout, the experi- 
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ment. The vessel’s outflow was controlled by valve v, placed between the Locke reservoir 
and the experimental chamber. The connecting tube was enclosed in a larger diameter tube 
through which the warm water of the tank reached the experimental chamber. 

On changing to a new solution by opening valve v, a dead space of 13 ml. had to be 
washed out before the new solution reached the preparation. Also, some mixing occurred in 
this dead space when solutions were exchanged. The time course of solution exchange was 
determined by placing a creatinine dye in one of the reservoir vessels and distilled water in 
another. The dye was allowed to flow through the experimental chamber for several minutes 
and then a 1 ml. sample was drawn. The flow of dye solution was interrupted and distilled 
water was allowed to flow. Samples (1 ml.) were taken once very 60 sec from the experi- 
mental chamber for a period’ of 10 min. This procedure was repeated several times at 
different rates of flow (3-2—9-0 ml./min) in this and in the reverse order. The samples were 
analysed in a photocolorimeter and dye-dilution or dye-concentration curves obtained. 
Some of these curves will be shown in the Results. The experiments were performed at 
barometric pressures of from 638-0 to 645-6 mm Hg. 


RESULTS 


A siceaaal experiment depended to a large extent on the anatomy of 
the preparation. Preparations in which the glomerular tissues were 
circumscribed and surrounded by a moderate amount of connective tissue 
yielded more consistent results than others in which glomerular tissue was 
diffuse and enveloped by abundant connective tissue. Also, previous 
administration of heparin to the animal usually resulted in lower frequency 
of discharges during exposure of the glomus to saline equilibrated with 
pure oxygen. Such preparations behaved more normally than others. In 
all probability heparin prevented intraglomerular clotting, thus providing 
a more permeable pathway for oxygen acinar to the more deeply-placed 
glomerular tissues. 

The solutions employed did not contain CO,, which was purposely 
excluded since responses produced only by changes in O, tensions were 
sought. In this respect CO, exclusion was justified, since O, and CO, 
interact on these receptors (Joels & Neil, 1961; Eyzaguirre & Lewin, 1961). 
Lack of CO, may have had deleterious effects on the chemoreceptors 


(cf. Lorente de N6, 1947) but the preparation could be used for periods — 


longer than 10 hr and seemed to be maintained in relatively good condition. 
However, glomerular responses to lack of oxygen suffered a decline (in 
' terms of changes in impulse frequency to different oxygen tensions) during 
the first 5 hr after excision of the organ, to reach a lower but relatively 
stable level thereafter. Results presented below were obtained during the 
initial period. 


Chemoreceptor discharges at different oxygen tensions 


Chemoreceptors discharged at low frequencies when the flowing solution 
was equilibrated with 100-50% O,. The discharge frequency increased 
appreciably when the ian solution was replaced by one equilibrated 
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with 20% O,. Further reductions in the O, tension of the saline did not 
necessarily produce a higher rate of discharge. In many instances bathing 
of the glomus with saline equilibrated with 10% 0, significantly decreased 


_ the discharge if the previous solution was equilibrated with 20% O,. 


Solutions equilibrated with 5° O, were applied in a few instances, but 


these low O, tensions definitely depressed the receptors and left them 
unresponsive in an irreversible manner. 


A B 


80. 110 1 


226 231-252 278 283-298 
Minutes Minutes 


Fig. 2. Effect of different oxygen tensions on carotid-body chemoreceptor dis- 

_ charges. Bars represent average frequency. A, carotid body immersed in saline at 
36-4° C flowing at 6-0 ml./min. B, taken from another experiment; glomus in 
saline at 37-0° C flowing at 4-8 ml./min. Numbers under bars indicate time after 
excision of the organ. Ordinate, frequency of impulse. {J 50% O, in N,; [1] 20% 
O, in N,; & 10% O, in N,. 


Figure 2A and B shows that equilibrium of the bathing saline with 
20% O, may be enough to produce maximal stimulation of the chemo- 
receptors; A and B represent samples taken from different experiments. 
In both cases 20% O, or 10% O, were applied after previous exposure of 
the organ to 50% O, in N,; in every case the vertical bars represent the 
average frequency of discharge at a given time. The fact that chemo- 
receptors reached ‘saturation’ when bathed in saline equilibrated with 
20) °% O, may be explained by the fact that the organ was placed in a bath 
and the dissolved gases had to penetrate into the interior of the organ. 
This situation may have led to an oxygen gradient within the organ, with 
the more centrally-located tissues receiving considerably less oxygen than 
that dissolved in the surrounding saline. However, under certain circum- 
stances maximal chemoreceptor response to inhalation of 20% QO, also — 


occurred in the animal (Eyzaguirre & Lewin, 1961). 
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The experiments illustrated in Fig. 2 also show another characteristic 
of chemoreceptor activity during hypoxia, a decline in impulse frequency 
occurring shortly after a frequency peak is reached. This decline was clearly 
and frequently seen in excised preparations, although it was less commonly 
observed in the animal (cf. Eyzaguirre & Lewin, 1961). The presence of 
a peak and a later steady state was not due to deterioration of the prepara- 
tion, since no relationship existed between the presence or magnitude of 
the peak-steady-state difference with time after excision of the organ. The 
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Fig. 3. Same as Fig. 2, but taken from different experiment. Glomus excised from 

heparinized animal. Saline at 37-0° C flowing at 4:3 ml./min. Numbers under 

bars indicate time after excision of the organ. Ordinate, frequency of Anpviers- 

m 100% O,; other symbols as in Fig. 2. » : 


presence of a frequency peak and later decline was obearved i in fresh pre- 
parations which discharged at very low frequency during administration 
of pure oxygen. Furthermore, during long experimentation the peak- 
steady-state ratio usually decreased as time proceeded. 
Figure 3 illustrates an experiment in which bathing solutions equilibrated 
with different concentrations of oxygen were tested on glomerular chemo- 
receptors early after excision. When the bathing solution was equilibrated 
with 100% O, the nerve discharged at 1/sec. Replacing the solution by 


another equilibrated with 10% O, produced an increase:in chemoreceptor 
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discharge to a peak of 132-7/sec; frequency declined slightly to 129-0/sec 
in a few minutes and remained stable at this level. The solution was 
replaced by another equilibrated with 50% 0, and chemoreceptor 
frequency declined to 16-2/sec. After several minutes 10%, O, was again 
given and this time the discharge rose to 180-8/sec, to decline to a steady 
level of 157-9/sec. Several minutes later 100% 0, was administered, 
followed by application of 50% O,, and discharges increased from 8-4/sec 
to 48-0/sec. In this case, once the peak was reached discharges remained 
at that level for the duration of 50% O, administration. Afterwards 
10% O,, pure oxygen and again 10% O,, were given in succession. 

In the experiment just described chemoreceptor frequency rose to 

higher levels when 10% O, was given after 50% O, than when it was 
administered after pure oxygen. Similarly, the peak : steady-state ratio 
was higher (1-14—1-18) in thie first case than in the second (1-0-1-03). This 
finding would indicate a potentiating effect of the 50% O, gas mixture on 
the initial response of the receptors to lower oxygen mixtures (10% O, in 
this case). This finding, however, was not a general one, since sometimes 
potentiating effects were not seen. ; 
_ In general, it seems that the discharge of chemoreceptors to a given 
oxygen mixture may be either enhanced or depressed by the oxygen 
tension of ‘the previously applied solution. Consequently, in a given 
situation the net result produced by hypoxic stimulation may be a 
delicate balance of these factors. The presence of a frequency decline after 
an initial frequency peak may be due to ‘adaptation’ of these receptors. 
‘Adaptation’ may be determined by exhaustion of the chemoreceptors 
during strong stimulation, since this decline in frequency occurs only when 
the chemoreceptors are stimulated by low-oxygen mixtures (20-10 % O,). 
In this connexion it is interesting to notice that stimulation of the olfactory 
epithelium produces a slow potential which has a peak amplitude followed 
by a lower amplitude steady state. The peak: steady-state ratio increases 
during very intense stimulation because the steady state occurs at lower 
amplitude and this effect has been ascribed to _ of the — 
receptors (Ottoson, 1956). 


The time course of chemoreceptor changes during exposure 
of the carotid body to different oxygen tensions 
Chemoreceptors in vivo react slowly to hypoxia induced by inhalation 
of gas mixtures poor in oxygen; their discharge increases to a peak in 
several minutes. Similarly, when the inhaled oxygen is increased dis- 
charges decrease slowly (Eyzaguirre & Lewin, 1961). In those experiments 
it remained uncertain whether or not part of the slowness of the response 
was due to a relatively slow lung wash-out. In order to analyse further 
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the time required for chemoreceptor discharge to reach a new frequency 
level once the oxygen tension is changed, experiments were designed to 
measure in vitro the time course of chemoreceptor frequency changes 
obtained during exposure of the glomus to different oxygen mixtures. 
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Fig. 4. Effect on chemoreceptor discharge produced by interruption of flow and 
by lifting preparation into oil. A, glomus immersed in saline equilibrated with 
100 % O, at 35-5° C. At upward arrow, flow (4-2 ml./min) interrupted; at downward 
arrow flow resumed. B, glomus in saline equilibrated with 100% O, flowing at — 
5-0 ml./min at 36-2° C. At upward arrow, glomus lifted into oil; at downward arrow 
glomus lowered again into saline. | 


Such an experiment is illustrated in Fig. 4. Figure 4A shows the results 
obtained by stopping the flow of saline equilibrated with 100% O,. Saline 
flowed at 4-2 ml./min and the discharge frequency averaged 63:4/sec. At 
the upward arrow the flow was interrupted and the glomus remained in 
saline. Discharges rose to a peak of 565-3/sec in about 9-5 min. At the 
downward arrow the flow was resumed at the previous rate and discharges 
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reached nearly base-line values in about 5-5 min. Figure 4B illustrates 
another run in the same preparation. The glomus was bathed in saline 
equilibrated with 100% O, and the discharge frequency was 131-6/sec. At 
the upward arrow the glomus was lifted into the paraffin oil covering the 
saline, while the latter continued to flow; discharges increased to 630-8/sec 
and reached 70°% of this value in 2-8 min. Interruption of the flow 
probably produces a relatively rapid depletion of the oxygen supply around 
the glomerular tissues and accumulation of metabolites, factors which are 
likely to stimulate the chemoreceptors. It is difficult to explain why lifting 
the organ into oil produces a faster frequency change than that obtained 
during interruption of the flow. It is possible that oxygen diffuses through 
oil quite slowly (in spite of the high solubility coefficient), in which case 
oxygen depletion and accumulation of metabolites would be exaggerated, 
since the oil is in close contact with the glomus. 

Figure 5 illustrates another experiment in which the bathing solution 
equilibrated with 50°% 0, was replaced by another equilibrated with 
10% 0O,. The basal discharge frequency was about 110/sec and rose to 
460/sec in about 6 min after changing the solution (upward arrow). Dis- 
charges, however, did not stay at this high level of firing and declined to 
about 325/sec in about 10 min, when they became stable. ‘The dotted line 
in the illustration shows the time required for the saline in the bath 
(equilibrated with 50% O,) to be exchanged for that equilibrated with 
10% O,. It may be seen that 90% of the exchange occurred in about 
2-5 min. The saline-exchange and receptor-frequency curves followed a 
parallel course with a time lag of about 3-5min. Figure 5B shows a 
_ similar experiment performed in another preparation bathed in a solution 
equilibrated with 100% O,. The basal discharge averaged 128 -4/sec. At the 
first upward arrow the bathing solution was replaced by another equi- 
librated with 20% O,; discharges increased to a peak of 627:1/sec in about 
6 min. Five minutes after the peak was reached the preparation was again 
bathed with saline equilibrated with 100° O, (downward arrow). Dis- 
charges came back to base-line levels in about 6 min. The dotted line in 
this illustration also shows the time course of saline exchange in the 
system; the receptor-frequency cs pid lagged about 2-5 min behind the 
saline-exchange curve. 

From the experiments illustrated in Figs. 4 and 5 it is clear that in vitro 
the carotid body chemoreceptors react slowly to changes in the oxygen 
concentration of the bathing solution. The cause of this slowness has been 
difficult to determine. One apparent factor can be readily eliminated, 
i.e. slow mixing of the solutions in the bath. The dotted lines in Fig. 5 
indicate that mixing occurs quite early in the dead space of the tube and 
most of the bathing solution is exchanged a few minutes before the fully 
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developed oxygen effect is detected. It is possible that two factors may 
play their parts in slowing the chemoreceptor response to changes in 
oxygen tensions: (i) slow diffusion of oxygen through the glomerular 
tissues and (ii) a genuinely slow chemoreceptor activation. 

A slow diffusion of oxygen through the glomerular capsule and tissues 
is possible, although the rate of diffusion through these structures is 
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Fig. 5. Time course of chemoreceptor frequency changes produced by reduction 
of the O, content in saline. A, glomus immersed in saline equilibrated with 50% O, 
at 36-3° C flowing at 5-8 ml./min. At upward arrow, solution replaced by another 
equilibrated with 10% O,. Solid line represents chemoreceptor frequency changes ; 
interrupted line shows time course of solution exchange in the bath. B, from 
different experiment. Glomus immersed in saline equilibrated with 100% O, at 
36-2° C and flowing at 4-2 ml./min. At upward arrow solution replaced by another 
equilibrated with 20% O,. Solid line, chemoreceptor discharge; interrupted line, 
time course of solution exchange. Left-hand ordinate, imp./sec; right-hand 
* ordinate, % of saline exchange. 
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unknown. This point may be resolved by the use of an inéraglomerular 
oxygen electrode. 

Without elimination of possibility (i) it is difficult to know whether or 
not chemoreceptors genuinely react slowly to changes in O, tension. 
However, some information is available. Eyzaguirre & Lewin (1961) found 
that occlusion of the carotid artery produces a near-maximal increase in 
chemoreceptor discharges in about 25 sec. Also, intracarotid injections of 
KCN produce a maximal chemoreceptor-frequency change within 6 sec 
(Alvarez-Buylla, 1951). It is quite clear that the time course of events just 
described is considerably faster than the time course of frequency changes 
obtained from the carotid nerve during inhalation of different oxygen 
mixtures or during exposure of the glomus to different oxygen tensions 
in vitro. How comparable these two types of experiments are is open to 
question. It is possible, however, that carotid-body chemoreceptors may 
react maximally to changes in O, tensions within seconds; the longer 
periods obtained in this study may be partly due to a slow diffusion of the 
gas through the glomerular tissues. 


E iffect of temperature on chemoreceptor discharge 


An effect of temperature on chemoreceptor discharge may be expected, 
since glomerular tissues utilize oxygen at a rapid rate (0-00018 ml. O, /carotid 
body/min, according to Daly, Lambertsen & Schweitzer, 1954). Con- 
sequently an increase in temperature should produce a high discharge 
frequency while a lowering of temperature should produce the opposite 
effect (see Nashat & Neil, 1955). 

Figure 6 illustrates an experiment in which the carotid-body chemo- 
receptors were bathed with a solution equilibrated with 50% O,; receptors 
discharged at about 13/sec at a temperature of 32° C. The temperature of 
the bath was increased to 38-7 °C in about 7-5 min. The chemoreceptor 
discharge increased to 280/sec in about 9 min. Discharges stayed at this 
high level of firing for about 2 min, to decrease to 112/sec in 7-8 min, and 
remain stable at that level. 

_ The experiment just described shows that chemoreceptors are thermo- 
sensitive and that an increase in temperature of ‘the “bathing solution 
increases the frequency of their discharge. The illustration also shows that 
a rise in. saline temperature is followed by an increased discharge after 
some delay. This delayed response may be accounted for either by the time 
required to heat the carotid-body receptors and/or by a genuinely slow 
chemoreceptor activation. This problem may be solved in future experi- 
ments by the use of intraglomerular thermistors. The decline in frequency 
observed in the illustration once the temperature became stable may be 


ig 
dy 
“a 
d 
j 
} 
i 
4 
x 


248 CO. EYZAGUIRRE AND J. LEWIN 


explained by ‘adaptation’ or exhaustion of these receptors to this form 
of stimulation. | 
In general, it was found that temperatures had to be kept at or below 
37°C in order to avoid thermal complications during exposure of the 
carotid body to different O, mixtures. 
300 


a 


T T 
_ ee 12 16 20 24 
Minutes 
Fig. 6. Effect of temperature on chemoreceptor discharge. Saline equilibrated 
with 50 % O, flowing at 5-0 ml./min. Solid line, chemoreceptor discharge frequency ; 
interrupted line, temperature, of bathing solution. 


DISCUSSION 


Carotid-body chemoreceptors survive for several hours after being 
excised from the animal and placed in a bath containing a physiological 
solution. In this respect the carotid body does not differ from other tissues 
where similar procedures have been employed. 

The carotid-body chemoreceptors respond in vivo to O, lack in a manner 
similar to that observed in vitro, although in the later state their response 
to low oxygen is better preserved. Jn vitro the maximal discharge obtained 
at different O, levels tends to become lower as time proceeds, being about 
40% of the initial response 4-5 hr after excision. This decay of the pre- 
paration may be due to lack of CO, in the bathing saline and to inadequate 
oxygenation of deeper glomerular structures. However, in spite of the 
limitations of the method it is felt that the good survival of the receptors 
in a bathing medium provides an excellent preparation for future studies 
of chemoreceptor function. 

A point that must be emphasized ; is that carotid-body chemoreceptors 
are perfectly capable of responding to O, lack in the total absence of 
haemoglobin. This finding lends support to the idea that, normally, these 


a2 


Pe © 


pl 


a 
n¢ 
250 
a 
a 
3 
3 a. 150 
100 
50 
di 
to 
she 
de 
Ww 
Re 
Ar 
Al 
| Cr 
D: 


OXYGEN TENSIONS ON CHEMORECEPTORS 249 


receptors are activated by a decreased oxygen tension of the plasma rather 
than by a reduction in the oxygen saturation of haemoglobin (Comroe & 
Schmidt, 1938; Duke e¢ al. 1952). However, the in vitro experiments do 
not exclude some role of Hb in the activation of chemoreceptors; they 
merely indicate that Hb presence is not essential. 


SUMMARY 


1. Chemoreceptors of the cat’s carotid body have been studied in vitro 
by placing the organ in flowing Locke’s solution equilibrated with gas 
mixtures containing different amounts of O,. Chemoreceptor discharges 
have been recorded from the carotid nerve. 

2. Chemoreceptor discharge frequency is very low if the carotid body 
is bathed. with saline equilibrated with 100% O,. They increase if the 
bathing solution is replaced by another equilibrated with 50 % O,. Further 
reductions in the O, tension of the saline brings in more discharges, but 
a maximum is attained by st the —_— with solutions equilibrated | 
with 20% O, or 10% O,. 

3. If discharges have reached a higher level after'reducing the bathing 
O, from 100 to 50% O, they stay at that level. If, however, O, is reduced 
from 100-50 % O, to 20-10 % O, a higher peak is reached but the discharge 
frequency declines to a lower but stable level shortly afterwards. This 
probably constitutes an adaptation phenomenon. | 

4. When the O, of the bathing solution is reduced, the chemoreceptor 


_ discharge reaches a new peak in several minutes. This delay may be due 


to slow penetration of O, into the glomerular tissues and/or to a genuinely 
slow chemoreceptor activation. 

5. Increasing the temperature of the bathing fluid above 37° C pro- 
duces a marked increase in chemoreceptor discharge. Discharges, however, 


— decline to a lower level a few minutes after reaching the peak. 
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THE EFFECT OF SYMPATHETIC STIMULATION 
ON CAROTID NERVE ACTIVITY 
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(Received 24 April 1961) 


An effect of sympathetic activity on carotid-body chemoreceptor dis- 
charge might be expected, since the carotid body receives an abundant 
_ nerve supply from the superior cervical ganglion (de Castro, 1926). More- 
over, Floyd & Neil (1952) have found a small but definite increase in 
! carotid-nerve activity when the sympathetic branches supplying the 
carotid body were stimulated. Hereafter, the nerve(s) linking the superior 
_ cervical ganglion with the carotid body will be referred to as the ganglio- 
glomerular nerve(s). This term is not entirely adequate, since many of the 
nerve fibres join the carotid: nerve close to the glomus; they continue in 
such a nerve to join the glossopharyngeal nerve (see Eyzaguirre & Uchi- 
zono, 1961). Floyd & Neil interpreted this effect as increased chemoreceptor 
discharge. A significant problem remains, however, namely whether or not 
sympathetic effects, if present, are due to a direct action upon the sensory — 
| _- receptors or to construction of local vessels. In other sensory receptors 
: such as tactile units of the frog’s skin (Loewenstein, 1956) and mammalian 
spindles (Hunt, 1960) sympathetic actions may be exerted by liberation 
of adrenaline or noradrenaline from the sympathetic terminals, acting 
directly on neighbouring nerve endings (for an opposite view see Eldred, 
Schnitzlein & Buchwald, 1960). In the case of the carotid-body chemo- 
receptors sympathetic effects which have been observed might well be 
_ indirect, since such studies have been performed in the whole animal where 
a reduction of glomerular blood flow is known to occur during stimulation 
of the cervical sympathetic trunk (Daly, Lambertsen & Schweitzer, 1954). 
In the present study the possibility of a direct sympathetic action on 
chemoreceptors was investigated in vitro, where vascular effects are absent, 
_ and the results obtained in the excised preparation were compared with 
similar observations in the whole animal. Results presented below indicate 
that stimulation of fibres emerging from the superior cervical ganglion 
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in vivo produces only a small increase in chemoreceptor discharge ap- 
parently due to vasoconstriction. No evidence of a direct sympathetic 
effect either on the sensory nerve endings or on glomerular cells has been 
found. However, a number of non-myelinated (C) fibres of sympathetic 
origin elicit potentials in the carotid nerve upon stimulation and their 
response may be confused with normally occurring sensory discharges. 
A preliminary report has already been published (Eyzaguirre, Uchizono 
& Lewin, 1961). 
METHODS 


Adult cats were anaesthetized with sodium pentobarbital (Nembutal, Abbott Labora- ; 


- tories) 40 mg/kg 1.p. One series of experiments was performed in the animal while another 
series was done in vitro. For experiments performed in vivo the animal was allowed to 
breathe the room air. Its rectal temperature was kept at 37~38° C. The neck was opened 
in order to expose the superior cervical ganglion, its preganglionic fibres and its glomerular 
connexions. The exposed surface was covered with warm mineral oil. Stimulating electrodes 
were placed either on the preganglionic trunk or on the ganglio-glomerular nerve. Nerve 
action potentials recorded from the carotid nerve were fed to an amplifier, which in turn 
was connected to a double-beam oscilloscope and to a counter-printer system. With this 
system the potentials could be displayed, photographed and their frequency per second 
recorded once every 2 sec (cf. Eyzaguirre & Lewin, 1961a). In some animals recording of 
carotid nerve impulses was accomplished 2-6 days after aseptic glossopharyngeal section 
in the neck performed under sodium pentobarbital anaesthesia. For in vitro experiments 
the carotid body and its own nerve plus a stretch of carotid artery were excised together 
with their sympathetic connexions, i.e. the superior cervical ganglion, a length of the pre- 
ganglionic trunk and the ganglio-glomerular nerve. The excised tissues were placed in a 
Petri dish containing Locke’s solution for further dissection and removal of unwanted 
connective, tissues.. Care was taken to decapsulate the ganglion soon after excision in order 
to facilitate diffusion of substances. The tissues were then mounted in a transparent chamber 
containing Locke’s solution (pH 7-4) at about 36° C, previously mixed with glucose 1-0 g/1. 
The saline was bubbled with a mixture of 94 % O, and 6% CO, and covered by a layer of 
mineral oil. When substances were applied locally the whole preparation was placed in oil 
and the desired portion was lowered into a small box containing the substance dissolved in 
Locke’s solution (cf. Eyzaguirre, 1960). Stimulating electrodes could be placed either on 
the sympathetic preganglionic fibres, on the ganglio-glomerular nerve or on the carotid 
nerve. Recording of action potentials from the carotid or ganglio-glomerular nerves was 


accomplished in a manner similar to that already described for experiments in vivo (see 


also Eyzaguirre & Lewin, 1961). 

The membrane potential of glomerular cells was measured with eu micro- 
pipettes filled with 3 m-KCl, having an a.c. resistance of from 10-5 to 70 MQ. The glomerular 
capsule proved too tough for easy penetration of the micro-electrode, consequently the 
glomus was immersed in a solution of chymotrypsin (1 mg/ml.) in Locke’s solution and 
digestion was allowed to proceed for 30-60 min. After this procedure the sensory discharges 
did not change and penetration of the glomerular cells was readily accomplished. Since 
membrane potentials were low the tip potential of each electrode was measured (cf. de! 
Castillo & Katz, 1955). Tip potentials ranged from less than 5 to 45 mV but they did not 
appreciably alter the recorded membrane potential values. - 
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RESULTS 
Changes in carotid-nerve impulses during sympathetic stimulation 

Stimulation of preganglionic fibres. In the cat, repetitive preganglionic 
stimulation at 5-10/sec produced an increase in the frequency of carotid- 
nerve impulses. Once stimulation was discontinued the frequency declined 
rapidly to base-line levels (Fig. 1 A). In order to determine whether or not 
this effect was acting upon chemo- or pressoreceptor, the carotid nerve 
was split. into a number of small filaments ; care was taken to record activity 
from chemoreceptors to the exclusion of pressoreceptor discharges. Such 
an experiment is presented in Fig. 1B, where it may be seen that sympa- 
thetic effects on this small filament are quite similar to those obtained 
from the whole nerve. Splitting the nerve revealed that preganglionic 
stimulation produced, besides the normally occurring sensory discharges, 
a polyphasic potential which appeared after a constant latency (Fig. 2A). 
The waves of this complex were small enough in the intact nerve to be 
interspersed with the background discharge, thus adding to the counts of 
sensory impulses. 

The contribution of sympathetic fibres to carotid-nerve activity was 
further analysed by recording from carotid nerves in which afferent fibres 
had been caused to degenerate by section of the nerve centrally from 2 to 
6 days before the experiment. These nerves showed little or no background 
discharge. Sympathetic stimulation evoked a compound action potential 
in the carotid nerve, which appeared after a:constant latency. These 
potentials were clearly recognized and photographed from the oscilloscope 
screen (Fig. 2B and ©); they corresponded to activity derived from a fairly 
large number of C fibres (see later). The C-fibre potentials thus evoked 
were relatively rapid and were readily recorded by the electronic counter, 
as shown in Fig. 1C. At rest the counter picked up some of the amplifier 
noise. Between arrows the sympathetic trunk was stimulated at 10/sec 
-and the sudden appearance of the sympathetic potentials was evident by 
the rapid increase in the counts. These potentials disappeared abruptly 
once the stimulator was turned off. Experiments performed in vitro 
yielded essentially similar results, although the potentials of sympathetic 
origin were more conspicuous, owing to less background discharge (see 
below). 


In conclusion it may be stated that the appreciable increase in counts 
obtained from the carotid nerve during preganglionic sympathetjc stimula- 
tion is largely produced by the appearance of polyphasic potentials of 
sympathetic origin. This would also appear in records obtained from the 
oscilloscope screen and it may lead one to assume, erroneously, that 
chemoreceptor discharges haye increased. 
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Fig. 1. Changes in carotid nerve impulses during sympathetic stimulation. Pre- 
paration in situ. A, B and C, stimulation of preganglionic sympathetic trunk at 
10/sec. A, recording from the whole nerve; B, pressoreceptors eliminated by dissec- 
tion; C, recording from carotid nerve centrally severed 6 days previously. 


Fig’ 2. Effect of single pre-ganglionic shocks on carotid nerve impulses. Prepara- 
tion in situ. In all columns the upper traces represent base-line discharge; lower 
traces show the evoked sympathetic potentials. A, recording from normal carotid 
nerve; B, carotid nerve centrally severed 48 hr previously ; C, recording 6 days after 
central section of carotid nerve. Time marker, 10 msec. 
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Stimulation of post-ganglionic fibres. Since preganglionic sympathetic 
stimulation increased the counts from the carotid nerve, sometimes showing 
a short period of facilitation and a gradual return to resting discharge 
frequency, it was suspected that a small sympathetic effect on chemo- 
receptor discharge might be present. In order to study this effect a series 
of experiments was performed in the animal and another series in vitro. 
In both cases the superior cervical ganglion was removed and the ganglio- 
glomerular nerve was placed on stimulating electrodes. Removal of the 
ganglion was carried out in order to avoid ganglionic facilitation during 
repetitive stimulation. Recording was done in the animal from small 
carotid-nerve filaments containing no pressoreceptor fibres; in vitro 
recording was done from the whole nerve but pressoreceptor discharges 
were eliminated by keeping the artery unstretched and by removing the 
adventitia (cf. Alvarez-Buylla, 1954; Eyzaguirre & Lewin, 19615). 

Stimulation of the ganglio-glomerular nerve in vivo usually did not | 
produce any change in the frequency of chemoreceptor discharge. In a few 
instances, however, a small but definite increase was obtained. In these 
experiments the relatively slow potential recorded from the carotid nerve 
and evoked by ganglio-glomerular stimulation was not recorded by the 
counter. The instrument was gated in such a way as to avoid relatively 
slow waves. Such an experiment is illustrated in Fig. 3A. Between the | f 
arrows the ganglio-glomerular nerve was stimulated at 10/sec and a slow | 
increase in chemoreceptor frequency was obtained. | 

The small increase in chemoreceptor activity produced by sympathetic 
stimulation observed in the cat could be explained either by a direct _ 
sympathetic action on these receptors or by glomerular vasoconstriction 
(Daly et al. 1954). These possibilities were elucidated by studying the effect | 
of sympathetic stimulation on carotid-nerve activity in the excised pre-- 
paration. Such an experiment is illustrated in Fig. 3B. The relatively low 
background discharge may be readily explained, since the preparation was 
bathed with saline equilibrated with 94% O, and 6% CO,. Between the 
arrows the ganglio-glomerular nerve was stimulated at 10/sec. No changes 
in chemoreceptor activity could be detected. In all cases studied in vitro 
chemoreceptor frequency remained unchanged during sympathetic stimula-. 
tion. It is concluded that the small increase in chemoreceptor discharge 
obtained in the animal is due to glomerular vasoconstriction, since direct 
sympathetic effects on chemoreceptor discharges have not been found. 


The complex potential evoked in the carotid nerve by preganglionic 
sympathetic stimulation 7 
The experiments already described showed the presence of a polyphasic 
potential complex in the carotid nerve during sympathetic stimulation 
17 Physiol. 159 
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(Fig. 2). However, owing to the abundant background discharge, such 
potentials were clearly recorded in the animal only after elimination of 
a number of afferent fibres by dissection or by degeneration. An analysis 
_ of the sympathetic potentials obtained from the whole carotid nerve was 
possible in excised preparations when the artery was unstretched, the 
adventitia removed and the preparation bathed in saline equilibrated with 
a high concentration of oxygen. With these procedures the sensory dis- 
charge background was drastically reduced and appropriate placing of the — 
recording leads brought the sympathetic potentials into full view. 


A 


| 20 40 


100 
Seconds 


Fig. 3. Increase of chemoreceptor discharge during ganglio-glomerular stimulation 
in the animal and lack of effect in vitro. A, recording from carotid nerve in situ. 
B, recording from carotid nerve in vitro. In A and B ganglio-glomerular nerve stimu- 
lated at 10/sec. ; 


The carotid-nerve potential of sympathetic origin was studied during 
stimulation of the preganglionic fibres with single and double shocks at 
varying intervals. Potentials from the carotid nerve and from the sympa- 
thetic ganglion were simultaneously recorded by independent leads which 
were connected to the double-beam oscilloscope through separate ampli- 
fiers. The ganglionic potentials were registered by placing the leads on the 
ganglion, one at each pole. Figure 4 illustrates an experiment in which 
single shocks of increasing intensity were delivered at 0-6/sec. In the 
illustration the upper trace shows the potentials recorded from the carotid 
nerve, while the lower trace shows the potentials recorded from the 
sympathetic ganglion. Submaximal preganglionic volleys produced a 
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Fig. 4. Effects of preganglionic shocks of increasing intensity on carotid-nerve 
impulses. The upper traces show recording from carotid nerve while the lower 
ones show potentials obtained from the superior cervical ganglion. Excised 
preparation. A, base lines; B, C, D, E, and F, potentials obtained by increasing 
stimulus strength. Arrows indicate the carotid nerve poem Sf sympathetic 
origin. Time marker, 10 msec. 


Fig. 5. Same as Fig. 4 but this time double shocks at varying intervals were 
applied to the preganglionic sympathetic fibres. Note the dispersion and disap- 
pearance of the second carotid nerve potential at close stimulating intervals. 
Time marker, 10 msec. 
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small polyphasic action potential in the carotid nerve, which increased in 
amplitude as the stimulus strength was increased. The total duration of 
this complex was about 10 msec (arrows). This temporal dispersion indi- 
cates that maximal preganglionic volleys activate fibres of different con- 


duction velocities. The intervals betwéen the different peaks of the poly- 


phasic coniplex were too long (more than 2 msec) to be accounted for only 
by synaptic delay. When in the same experiment two shocks were given at 
decreasing intervals, the second carotid-nerve potential became smaller 
and temporal dispersion even more noticeable (Fig. 5). Figure 5B and C 
shows that at shock intervals of 50 and 45 msec respectively the polyphasic 


response of the carotid nerve (upper beam) is relatively well preserved after © 


the second shock, but there is a deficit in the amplitude of the second 
ganglion potential (lower trace). When the second shock was given at 
intervals of 18 msec a smaller‘and highly polyphasic potential of longer 
duration was recorded from the carotid nerve following a smaller ganglion 
potential. When the shocks were separated by an interval of 10 msec the 
second carotid-nerve potential was even smaller and more dispersed 


(Fig. 5G). At shorter intervals (8 and 6 msec respectively) the second | 


carotid-nerve complex became even more dispersed and was hardly 
noticeable (Fig. 5H and 1). 


Neuronal origin of the sympathetic fibres in the carotid nerve 

Experiments were designed to study whether or not the sympathetic 
fibres in the carotid nerve had their synaptic origin in the superior cervical 
ganglion. In the excised preparation the tissues were lifted into oil and 
the sympathetic ganglion was lowered into a chamber containing a solution 
of a ganglionic blocking agent. The sympathetic preganglionic fibres were 
stimulated by maximal shocks at 0-6/sec. One pair of recording electrodes 
registered activity from the carotid nerve while another pair of leads was 
placed on the ganglio-glomerular nerve. 


Metubine (dimethyl-tubocurarine iodide; Lilly). in concentrations of 


5x10-* to 5x10-4 (w/v) or hexamethonium (hexamethylenebis(tri- 
methylammonium chloride); Burroughs Wellcome) in concentrations of 
5 x 10-* (w/v) were employed. The results obtained with either substance 
were similar: the sympathetic ganglion was blocked and the complex 
potential evoked in the carotid nerve by preganglionic sympathetic 
stimulation disappeared. Such an experiment is illustrated in Fig. 6. 
Figure 6A shows the base-line discharge. In figure 6B the upper trace 


illustrates the evoked carotid-nerve action potential complex lasting about — 


12 msec. The lower trace shows the potential registered from the ganglio- 
glémerular nerve. Between B and C, hexamethonium was applied to the 
ganglion. In D, 7 min after application of the drug, the carotid-nerve 
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complex is reduced in amplitude and more dispersed. The ganglio- 
glomerular nerve potential is also smaller. These phenomena continue their 
course in EK and F. In G the carotid-nerve complex has disappeared almost 
entirely while very little is left of the ganglio-glomerular potential. After 
complete ganglionic block the stimulating electrodes were placed on the 


ganglio-glomerular nerve and single shocks evoked a large potential in the 
carotid nerve (not illustrated). 


Fig. 6. Effect of hexamethonium applied to the superior cervical ganglion on the 
carotid-nerve potential of sympathetic origin. Upper traces show the carotid- 
nerve impulses while the lower traces show the potentials obtained from the 
ganglio-glomerular nerve near the ganglion. Excised preparation. A, base line; 
B, control record showing the effect of a single shock applied to preganglionic sympa- 
thetic fibres; C, 3 min after local application of hexamethonium (5 x 10-* (w/v)); 
D, 7 min after the drug; E, 11 min after C,; F, 14 min after the drug; G, 34 min 
after C,. Time marker, 10 msec. 


Kssentially similar results were obtained in the animal when recording 
was done from filaments of a normal nerve or one in which the afferent 
fibres had degenerated. Hexamethonium in doses of 5 mg/kg given intra- 
venously completely abolished the carotid-nerve sympathetic potential 


in a few seconds. After several minutes the potential returned to 
normal. 
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From these experiments it is concluded that most of the sympathetic 
fibres giving rise to activity in the carotid nerve had their origin in the 
superior cervical ganglion. 


Absence of synapses in the carotid-nerve sympathetic pathway at 
the glomerular level 
The preceding section showed that the majority of the carotid-nerve 
sympathetic fibres must have their somata in the superior cervical ganglion. 
However, the possibility exists that some synapses with ganglion cells 
could have been missed. Consequently, experiments were designed to test 


_ Fig. 7. Recording of C-fibre potentials from carotid and ganglio-glomerular nerves. 
Excised preparation. A and C show the sympathetic potential recorded from the | 
carotid nerve during stimulation of the ganglio-glomerular nerve. B and D show the 
sympathetic potentials recorded from the ganglio-glomerular nerve during stimula- 
tion of the carotid nerve. Note the coincidence of peaks as shown by arrows. 
Time marker, 1 msec. 


for the presence of synapses in the carotid-nerve sympathetic pathway in 


or around the glomus. Experiments were performed to search for a— 


synaptic barrier to ‘antidromic’ stimulation and cholinergic blocking 
agents were applied to the glomus. 

‘Antidromic’ stimulation. In a set of.experiments the excised prepara- 
tion was left in oil while stimulating electrodes were placed on the ganglio- 
glomerular nerve and potentials recorded from the carotid nerve. After a 
characteristic potential complex was obtained the stimulating and recording 
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leads were reversed, care being taken to avoid displacement of the elec- 
trodes. In both instances the cathode was nearer to the first recording 
electrode. Such an instance is exemplified in Fig. 7. Figure 7A illustrates 
the potentials obtained by single maximal shocks delivered to the ganglio- 
glomerular nerve while potentials were recorded from the carotid nerve; 
B shows the reverse situation. It is evident in this column that the first 
complex (dot) elicited by ‘orthodromic’ stimulation is not properly 
recorded during ‘antidromic’ stimulation because it rides partly on the 
artifact. But the second ‘orthodromic’ complex (arrows) is clearly present 
in the ‘antidromic’ situation and their peaks coincide exactly. In both 
cases, however, the ‘antidromic’ potentials are considerably smaller, owing 
to the less favourable recording conditions. Indeed, the ganglio-glomerular 
nerve is short and thick, possessing a strong sheath which contains many 
fibres that do not travel in the carotid nerve (Eyzaguirre & Uchizono, 
1961). Figure 7C, obtained from a different preparation, shows the 
‘orthodromic’ potential presenting two peaks which correspond to the 
slowest components already described (potentials marked by arrows). In 
this experiment, the earlier wave, shown in the left-hand column (dot) was 
~ not obtained. Figure D shows the ‘antidromic’ potential (arrow) whose 
peak corresponds to the first peak of the deflexion obtained in C. The 
second peak of C did not appear clearly in D although it was visible when 
high amplification was used. | 

The smaller size of the potential recorded from the ganglio-glomerular 
nerve as compared to that obtained from the carotid nerve could be 
explained because of unfavourable recording conditions. However, the 
possibility still remained that a small number of synapses could have been 
missed in the ‘antidromic’ situation. Consequently, a second series of 
experiments was performed as shown below. 

Application of cholinergic blocking agents. The excised tissues were lifted 
_ into oil while the glomus was lowered into a small chamber containing a solu- 
tion of a cholinergic blocking substance. Care was taken to eliminate by dis- 
section most of the connective tissues surrounding the carotid body to 
improve penetration of substances. Hexamethonium (5x 10 (w/v)), 
Decamethonium (Decamethylenebis(trimethylammonium bromide); 
Burroughs Wellcome) in doses of 2-5 x 10-* (w/v) or atropine sulphate | 
(10-5 (w/v)) were applied in different experiments. Results were on 
the whole negative, since none of these substances appreciably changed 
the carotid nerve potential evoked by ganglio-glomerular stimulation. 
Essentially similar results were obtained in the animal when these substances 
were injected intravenously while the ganglio-glomerular nerve was stimu- 
lated and :potentials were recorded from the carotid nerve. These drugs 
would be expected to block any type of cholinergic synapses if present. — 


i 
q 


262 C. EYZAGUIRRE AND J. LEWIN 


Results presented in this section show that cholinergic synapses do not 
occur in the carotid-nerve sympathetic pathway once the fibres leave the 
superior cervical ganglion and reach the glossopharyngeal nerve. Some 
myelinated fibres, however, leave the ganglion to innervate some micro- 
ganglia located near the glomus. The short post-synaptic fibres from the 
a i innervate some glomerular blood vessels (de Castro, 1926) 

u 


t they do not seem to continue in the carotid nerve (see also Eyzaguirre 
& Uchizono, 1961). i 


| Conduction velocity of the sympathetic fibres in the carotid nerve 
In order to have an estimate of the conduction velocity of the fibres 
producing the sympathetic component of the carotid-nerve complex, the 
ganglio-glomerular nerve was stimulated and action potentials recorded 
from the carotid nerve in the excised preparation. The distance between 
the stimulating and recording electrodes 'was kept at 5 mm as measured 
with a calibrated eyepiece. In general, stimulation of the ganglio- 
glomerular nerve produced one or two complexes in the carotid nerve, 
apparently due to activation of two distinct fibre groups. One group had 
a conduction velocity of about 1-8 m/sec (potential marked by a dot in 
Fig. 7), the other 0-3—0-4 m/sec (potentials marked by arrows in Fig. 7). 
A better view of the potentials elicited by fibres having slower conduction 
velocity is shown in Fig. 8, where shocks of increasing intensity were 
delivered. In fig. 8A and B, a potential of increasing amplitude was ob- 
tained with a shock—peak latency of 13-2 msec. Stronger shocks brought 
in a second potential with a latency of 17-8 msec, which started to appear 
in C and which is quite evident in D, E and F. The conduction velocity of 
the fibres involved was calculated as 0-4 m/sec for those forming the first 
complex and 0-3 m/sec for those eliciting the second complex. It must be 
understood, however, that the conduction velocity estimates are only 
approximate; the electrodes could not be displaced to take measure- 
ments at different points in the nerve, which was too short for such a 
-manoeuvre. 
The experiments illustrated i in Figs. 7 and 8 show that stimulation of the 
ganglio-glomerular nerve evokes activity in two ‘distinct fibre groups, 


which may be recorded from the carotid nerve. Assuming that conduction _ 


velocity in such fibres is directly related to diameter by a factor of 1-7 
(Gasser, 1955) one may estimate that one group of fibres has a diameter 
of about 1 while the other group has a diameter of from 0-1 to 0-3 y. 
Further information on the two types of slowly-conducting fibres. was 
obtained by dissecting the carotid nerve into small filaments and recording 
the response obtained by stimulation of the ganglio-glomerular nerve. In 
several instances unitary activity of sympathetic fibrés was obtained, since 
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the potentials showed a sharp threshold and all-or-none characteristics. 
Such an instance is illustrated in Fig. 9. Figure 9A is the base-line dis- 
charge from a small carotid-nerve filament. B and C show the small 
potential (marked by dots) evoked by stimulation of the ganglio-glomerular 
nerve. The conduction velocity of this unit was 1-66 m/sec. Figure 9D, 
E and F are from a different experiment. D shows the base-line discharge, 


Fig. 8. Stimulation of ganglio-glomerular nerve and recording from carotid nerve. 
Excised preparation. From A to F, shocks of increasing intensity applied to the 
nerve. Time marker, 1 msec. : 


Fig. 9. Recording of single C-fibre potentials from carotid nerve. Excised prepara- 
tion. Stimulation of ganglio-glomerular nerve at |/sec. The two rows illustrate 
results obtained from two different experiments. A, B and C taken from same 
experiment. A, base line; B and C, a small C-fibre potential is recorded near the 
artifact (dots). D, E and F taken from different experiment. D, base-line discharge; 
E and F illustrate a C-fibre potential obtained from carotid nerve (arrows). Close 
to the artifact (E and F) a potential from myelinated fibre conducting at 5 m/sec 
is seen. Note similarity of C-fibre potential with normally occurring sensory 
discharge. Time markers, 1 msec. 
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while E and F illustrate the effect of single shocks delivered to the ganglio- 
glomerular nerve. A potential was evoked (arrows) from a unit. which 
conducted at 0-34 m/sec, which clearly falls into the C-fibre group. 

The fact that the amplitude of chemoreceptor impulses in Fig. 9 is of 
the same order of magnitude as that evoked by sympathetic stimulation 
poses the question whether or not in this case the afferent discharges were 
conveyed by sensory C fibres. Non-myelinated sensory elements have been 
described in the rabbit’s carotid nerve (Douglas & Ritchie, 1956). C fibres, 
presumably subserving a sensory function, also occur in the homologous 
nerve of the cat (Eyzaguirre & Uchizono, 1961). 


Lack of membrane potential changes in glomerular cells during 
sympathetic stimulation 

De Castro (1926) has indicated that sympathetic fibres from the superior 
cervical ganglion are distributed in the glomerular interstitial spaces with- 
out: making contact with the major glomerular cells. However, the possi- 
bility exists that stimulation of the sympathetic nerves might produce a 
detectable change in the membrane potential of the glomerular cells. 
Consequently, the glomerular cells were impaled with micro-electrodes and 
the sympathetic nerves were stimulated, by placing electrodes on the 
cervical sympathetic trunk or on the ganglio-glomerular nerve. A total of 
450 cells were impaled in this series. They showed low resting potentials 
(10-50 mV), the mode of the frequency-distribution curve being 20 mV. 


Sympathetic stimulation did not change the membrane potential of any 


of the cells studied. 

In all probability the impaled cells belonged to the so-called ‘chief’ cells, 
since these are the largest and most numerous of glomerular cells (Adams, 
1958). Their diameter ranges from 6 to 10y (Ross, 1959). The other 
cellular elements in the carotid body (sustentacular cells, etc.) are probably 


too small to allow easy penetration of the micro-electrode. The low resting 


potentials obtained could have been due partly to injury produced by the 
insertion of the micro-electrode. However, resting potentials appeared 
suddenly during penetration and were fairly well maintained for periods 
long enough to test the effect of sympathetic stimulation. 

From a physiological point of view these experiments have not decided 
the question of a synaptic contact between sympathetic fibres and glo- 
merular cells. It is possible that sympathetic action might elicit some form 
of activity in these cells which does not appear as a resting-potential 
change. 
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DISCUSSION 


The primary purpose of this study was to determine whether or not the 
carotid-body chemoreceptors are provided with an efferent control through 
fibres originating in the superior cervical ganglion. The observations 
reported here show that the role played by cervical sympathetic nerves in 
modulating the chemoreceptor discharge is small. Sympathetic effects 
when present seem to be entirely vascular. This finding falls into line with 
the observations of Daly et al. (1954), who found sometimes an 87% 
increase in glomerular vascular resistance when the cephalic end of the 
cut cervical sympathetic trunk was stimulated. Direct sympathetic effects 
on the chemoreceptors seem to be absent, since, in the excised preparation 
stimulationgf the cervical sympathetic nerves did not change the frequency 
of the chemoreceptor discharge or the membrane potential of the ‘chief’ 
glomerular cells. 

In the search of an efferent control of the chemoreceptors one would 
have to look into possible efferent contacts provided by fibres of the 
carotid nerve. In this connexion it is worth noting de Castro’s observation _ 
(1926, 1951) that degeneration of the ganglio-glomerular nerves does not 
change appreciably the fine non-myelinated plexus which innervates the 
arteries and arterioles of the glomus. It is his contention that a great part 
of the vascular innervation is provided by small non-myelinated fibres 
originating from a few ganglion cells interspersed among carotid-nerve ~ 
fibres near the glomus. The preganglionic fibres of these structures have 
apparently a medullary origin. Whether or not activity of some of these 
(or other) fibres may modulate the chemoreceptor discharges is unknown. 

A positive finding in this study is the presence of a nervous pathway of 
sympathetic origin in which fibres originating in the superior cervical 
ganglion course toward the glomus, where numerous fibres continue in the 
carotid nerve and then join the glossopharyngeal nerve. Some of the fibres, 
however, leave the glomus to innervate other regions in the neck (Eyza- 
guirre & Uchizono, 1961). Most of the carotid-nerve sympathetic fibres 
are non-myelinated, judging from their conduction velocities, and fall 
into two definite groups. One group conducts at 0-3—-0-4 m/sec while the 
other group conducts at 1-6—1-8 m/sec. Their final destination and function 
is unknown. | 


SUMMARY 


1. The effect of sympathetic stimulation on the carotid body chemo- 
receptors discharge was investigated both in the animal and on the carotid 
body in vitro. In the animal sympathetic stimulation may induce a small 
increase in chemoreceptor discharge. This effect is due to vasoconstriction, 
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since chemoreceptor discharges are not influenced by sympathetic activity 
m vitro. 

2. Stimulation of preganglionic sympathetic fibres produces a poly- 
phasic potential in the carotid nerve after a constant latency. This potential 
persists in the nerve even 6 days after severance of the glossopharyngeal 
nerve. The fibres giving rise to the carotid-nerve sympathetic potential 
have their somata in the superior cervical ganglion, since hexamethonium 
(injected into the animal or applied locally) blocks such a response. 

3. The fibres producing the carotid-nerve sympathetic potential are 
mainly non-myelinated (C fibres). Two groups of fibres have been found: 
one group has a conduction velocity of from 1-6 to 1-8 m/sec while the 
second group of fibres conduct at 0-3—0-4 m/sec. Their final destination or 
function is unknown. This sympathetic pathway seems to pass by the 
glomus without the interposition of cholinergic synapses in or around the 
carotid body. | | 

4. The membrane potential of the ‘chief’ glomerular cells (10-50 mV) 
remains unchanged during sympathetic stimulation. 

5. It is concluded that the sympathetic control of the carotid body 
chemoreceptors is provided only through vascular effects. Other possible 
efferent pathways are discussed. 


This work was supported by grant G-9952 from the National Science Foundation and by 
a Senior Research Fellowship SF-260 from the United States Public Health Service. 
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OBSERVATIONS ON THE FIBRE CONTENT OF NERVES 
REACHING THE CAROTID BODY OF THE CAT 


By C. EYZAGUIRRE anp K. UCHIZONO* 


From the Department of Physiology, University of Utah College of 
Medicine, Salt Lake City, Utah, U.S.A. 


3 (Received 24 April 1961) 


The region of the carotid sinus and body is innervated principally by 
the carotid nerve, a branch of the glossopharyngeal nerve. It also receives 
nerve branches from the superior cervical ganglion (ganglio-glomerular 
nerves). The principal afferent innervation reaches the carotid sinus and 
glomus through the carotid nerve (Adams, 1958). This nerve contains 
about 650 myelinated fibres, the majority being from presso- or chemo- 
receptors. Some of the myelinated fibres have been considered, however, 
to be efferent to a small number of nerve cells located near the termination 
of the carotid nerve in the glomus (de Castro, 1926, 1951). Physiological 
studies have indicated the presence of non-myelinated (C) fibres in the 
carotid nerve as well. Douglas & Ritchie (1956) recorded potentials con- 
ducting at C-fibre velocity when stimulating and recording from the 
carotid nerve. Also, stimulation of the ganglio-glomerular nerves gives 
rise to an action potential in the carotid nerve which also is propagated at 
a velocity characteristic of C fibres (Eyzaguirre & Lewin, 19616). Ana- 
tomical evidence that the ganglio-glomerular nerve is mainly comprised 
of non-myelinated fibres originating in the superior. cervical ganglion has 
been presented by de Castro (1926). 


The purpose of the present study is to analyse further the innervation 


of the carotid-body region, since several details have remained uncertain: 
(1) the course followed by the carotid nerve once it reaches the carotid- 
body-sinus area to innervate the glomus and the sinus; (2) how the ganglio- 
glomerular nerve fibres reach the glomus and how they join the carotid 
nerve; (3) whether or not non-sympathetic C fibres occur in the carotid 
nerve. Also (4) no anatomical studies have appeared indicating either the 
presence of C fibres in the carotid nerve or their diameter ranges and 
distributions ; similarly, data on the fibre size and diameter distribution of 


* Visiting Professor from the Department of Physiology, University of Niigata Medical 
School, Niigata, Japan. 
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the non-myelinated axons in the ganglio-glomerular nerve are not available. 
A preliminary report has already been published (Eyzaguirre, Uchizono & 
Lewin, 1961). 

METHODS 


The carotid body and its own nerve in addition to the ganglio-glomerular connexions 
were excised from cats under sodium pentobarbital, (Nembutal; Abbott Laboratories) 
40 mg/kg 1.P. For direct observation the tissues were placed in a Petri dish containing 
Locke’s solution and examined with a dissecting microscope under transmitted polarized 
light. For examination under the phase-contrast and electron microscopes the tissues were 
excised from the animal and immediately immersed in 2 % (w/v) ice-cold OsO, buffered to 
pH 7:4 with veronal acetate (Palade, 1952). They remained in the osmium for about 15 min. 
Afterwards the tissues were dehydrated by successive passages in alcohol (75-100 %). After 
dehydration the tissues were processed by Luft’s method (1961): they were soaked in 
propylene oxide for 60 min and then passed into a mixture containing equal parts of epoxy 
resin (Epon 812, Shell) and propylene oxide. They remained in the mixture for 1-2 hr. 
Finally, they were embedded in the epoxy resin. The block obtained was trimmed and 
sectioned transversely with a Porter-Blum ultramicrotome. For observation and photo- 
graphy with the phase-contrast microscope (Carl Zeiss) the sections (1-2 4) were mounted 
on a glass plate, covered by a drop of Canada balsam and a microscope cover-slip. Observa- 
tions with the electron microscope (Akashi-Bendix Tronscope) were performed on sections 
which had a silver or gold colour. Some preparations were stained with uranium acetate. 

The myelinated nerve fibres were measured from enlarged phase-contrast photomicro- 
graphs (total magnification 1000-1500 times) and the non-myelinated fibres from enlarged 
electron micrographs (total magnification 4800—40,000 times). In both cases the photograph 
was laid flat (face upwards) on the stage of the Zeiss microscope. The eyepieces and objectives 
were removed. The microscope illuminator was turned on and the light spot was focused on 
the emulsion side of the picture. The diameter of the spot was adjusted by opening or closing 
the diaphragm of the illuminator. In all cases the spot diameter was first adjusted to cover 
the smallest fibres in the photograph (0-1 in the electron micrographs and 1-0 in the 


_ phase-contrast pictures) and the picture was scanned by manual displacement; whenever 


the area of a fibre clearly matched that of the light spot an electric counter was triggered 
and an ink mark made on the picture. Once all fibres of a given diameter were counted the 
procedure was repeated after increasing the diameter of the spot in steps of 0-1 » for electron 
micrographs and of 1-0, for phase-contrast micrographs until all the fibres in a given 
photograph were measured. The diameter of fibres too large to be within the light-spot 
range was calculated by measuring two diameters at right angles and averaging the results 
obtained. 

Physiological experiments were conducted in vitro in a manner similar to that already 
described (Eyzaguirre & Lewin, 1961la,b). In short, the carotid body and its own nerve 
in addition to the ganglio-glomerular connexions were excised from the animal and placed 
in a chamber through which flowed Locke’s solution equilibrated with 100 % O, at pH 7-4. 
The saline was covered with mineral oil. The nerves or the whole preparation were lifted 
into oil for stimulation and recording. 


RESULTS 


The carotid-body-sinus region, the carotid nerve and the ganglio- 
glomerular nerve were examined under a low- -power stereo-microscope. 
The tissues under observation were cleaned from surrounding connective 
tissues and the course of the nerves followed. 
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The carotid nerve was followed to its termination on the carotid-body- 3 


sinus region and was found to divide into two branches shortly before 
reaching this region. One branch reached the carotid body, clearly going 
to innervate the glomerular tissues, while the other nerve branch reached 
the carotid sinus. This finding permits the possibility of selective severance 
of either nerve branch, although in vivo such a procedure is difficult owing 
to the dense vascularization of the region and because of the presence of 
abundant connective tissue around the bifurcation of the nerve. 

Usually two or three nerves were found to link the superior cervical 
ganglion with the carotid-body-sinus area. One of them clearly went to 
the sinus while the others connected the ganglion with the glomus. A com- 
mon arrangement was the presence of arelatively thick nerve which divided 
in two branches before reaching the glomus. One of the branches seemed 
to penetrate the glomerular capsule; the other coursed toward the glomus, 
bypassed the organ and joined the carotid nerve. Sometimes the nerve 
branch which joined the carotid nerve could be followed as a separate 
entity from the cervical sympathetic ganglion. Occasionally, still another 
nerve was found leaving the ganglion; it coursed toward the carotid body, 
which it bypassed, and then ran separate from the carotid nerve to inner- 
vate, apparently, other organs in the neck. At times this nerve could not 


be followed as a separate entity, since it originated as a branch of the 


ganglio-glomerular nerve. 


Physiological observations 
The non-myelinated fibres in the carotid nerve 


It is well known that the majority of myelinated fibres in the carotid 
nerve subserve either presso- or chemoreceptor functions. ‘The presence of 


non-myelinated fibres in this nerve is less well established. The only | 


available evidence is that of Douglas & Ritchie (1956), who found during 
stimulation and recording from the carotid nerve a potential conducted at 
C-fibre velocity. They estimated that the conduction velocity of tne fibres 
responsible for the recorded potential was from 1-0 to 1-3 m/sec at 37° C. 


The present series of experiments was designed to study further the — 


C-fibre activity of the carotid nerve under conditions similar to those 
employed by Douglas & Ritchie. The glomus and the carotid nerve were 
lifted into oil. One stimulating electrode was placed on the glomus while 
the other was placed on the carotid nerve 1 mm from the first electrode ; 
recording leads were placed at the other end of the nerve. Text-figure | 
illustrates such an experiment. In this particular instance the myelinated 


fibre potential was not recorded, presumably owing to injury. Maximal — 


stimulating shocks elicited three distinct deflexions and the conduction 
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_ velocity was calculated as 1-75, 0-61 and 0-38 m/sec for the fibres re- 


sponsible for the onset of the first, second and third C-fibre potential 
complexes. 

The diameters of the fibres involved may be calculated by using Gasser’s _ 
(1955) formula, i.e. dividing the conduction velocity by a factor of 1-7. 


_ With this method one may estimate that the first group of C fibres had a 
_ diameter of about 1-034, while the other two groups had diameters of 


0-36 and 0-22 respectively. If the physiological results just described are 


Text-fig. 1. Non-myelinated fibre potential complexes evoked in carotid nerve by 
stimulation of carotid nerve near glomus. Recording leads at other end of nerve. 
Distance between cathode and proximal recording electrode 3-5 mm. Temp. 36-8° C. 
Myelinated fibre activity was not recorded. Following artifact three non- myelinated 
fibre potentials may be seen. Time marker, 1 msec. 


correlated with the diameter distribution curve of non-myelinated fibres in 
the carotid nerve (see Text-fig. 3A), it is clear that the first and larger 
potential complex was apparently elicited by fibres which are not abundant 
in the carotid nerve. The larger amplitude of this potential may have been 
due to several factors such as larger diameter of the fibres involved, less 
temporal dispersion and more pronounced summation of the potentials — 
produced by individual fibres. The second and third potential complexes, 
conducted at 0-61 and 0-38 m/sec were, on the other hand, elicited by fibres 
(0-36 and 0-22.) which are very numerous in the carotid nerve. 


18 Physiol. 159 
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Presence of non-sympathetic C fibres n 
The results presented in the preceding section confirmed and extended  $ & 
Douglas & Ritchie’s (1956) observations in the sense that C-fibre potentials al 
may be detected in the carotid nerve upon stimulation. However, it Ce 
remained uncertain whether or not C fibres other than those of sympathetic le 
origin (Eyzaguirre & Lewin, 19616) occurred in this nerve. a 
Ww 
el 
b 
b 
b 
tl 
el 
Pp 
Cé 
al 
Text-fig. 2. Non-myelinated fibre potentials recorded from carotid n nerve by — “6 
tion of same nerve and of ganglio-glomerular connexions. A, anat larra a 
and position of electrodes; glomus immersed in saline covered by paraffin oil, nerves in 
lifted into oil for stimulation and recording. 1 and 2 represent two branches of 
ganglio-glomerular nérve; 8,, stimulating electrodes on ganglio-glomerular nerve; . 
8,, stimulating electrodes on carotid nerve; a, distal recording electrode on cut end = 
of carotid nerve; 6, and b,, two different positions of proximal recording electrode. fo 
About 1-5 mm between a and b,, and about 3-0 mm between a and b,. In position li 
b, recording electrode at about 1-5 mm from carotid body. B, carotid-nerve potential ty 
elicited by maximal stimulation of ganglio-glomerular nerve and recorded between b 
a and b,. C, disappearance of potential after moving proximal lead from 6, to 6,. : 
D, potentials evoked in carotid nerve by stimulation of same nerve by S8,; proximal fr 
recording lead at b,. Myelinated fibre potential indicated by dot (most of it off ga 
screen); non-myelinated fibre potential marked by arrow. E, same as D, but this } th 
time proximal recording electrode at 6, position. Time marker, 1 msec. ‘ th 
In this series the glomus and the carotid nerve in addition to the ganglio- . be 
glomerular connexions were set up for stimulation and recording. Care was Tl 
taken to leave the carotid body in the saline equilibrated with 100% O, _ be 
in order to decrease the sensory discharges. Both the ganglio-glomerular ob 
and carotid nerves were lifted into oil for stimulation and recording. Such { he 
an experiment is shown in Text-fig. 2. A represents the anatomical . In 
situation and the position of the stimulating and recording leads. B shows by 
the potential complex evoked in the carotid nerve by maximal shocks Tl 
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applied through leads 8, to the ganglio-glomerular nerve. The carotid- 
nerve potential was recorded by placing one recording electrode (a) at the 
cut end of the nerve while the second recording lead (b,) was placed 
at 1-6mm from the carotid body. The potential obtained was a C-fibre 
complex (cf. also Kyzaguirre & Lewin, 19616). The proximal recording 
lead was then moved to 6,, and the previously obtained potentials dis- 
appeared as illustrated in C. Afterwards the proximal recording lead 
was moved back to position 6,, and the carotid nerve was stimulated by 
leads §,. Results obtained are illustrated in D. Single nerve shocks 
elicited a large myelinated-fibre potential (most of it off the oscilloscope 
screen and marked by a dot) and a later deflexion (arrow) clearly produced 
by C-fibre activity. In E, the proximal recording electrode was moved 
back to position 6,, where again the large myelinated-fibre deflexion may 
be seen followed by a C-fibre complex, which this time was smaller than 
that obtained in D. 


In the experiment just described it is not known why the C-fibre potential 


_ elicited by ganglio-glomerular stimulation was not recorded when the 


proximal recording electrode was moved from position 6, to position 6,. 


A possible explanation is that a fortunate and selective injury of the 


carotid-nerve C fibres of sympathetic origin occurred at this point. In | 
any case, the fact that a C-fibre potential was obtained while the carotid 
nerve was stimulated by 8S, leads and potentials recorded by leads at 
a and 6, positions clearly indicates ons non-sympathetic C fibres occur 
in the carotid nerve. 

At the end of the above experiment an effort was made to determine, 
in the same preparation, the pathway of sympathetic C fibres which are 
found in the carotid nerve. As is illustrated in Text-fig. 2A, the nerve 
linking the superior cervical ganglion with the carotid body divides into 
two branches, one going to the carotid body (branch 2) while the other 
bypasses the organ (branch 1) to join the carotid nerve at about 0-5 mm 
from the point where the carotid nerve penetrates into the glomus. The 
ganglio-glomerular nerves were stimulated and potentials recorded from 
the carotid nerve as illustrated in Text-fig. 2B. Immediately after obtaining 
the carotid-nerve potential of sympathetic origin, nerve branch 1 was 
severed and the potential previously obtained could no longer be recorded. 
This finding has been obtained also in other similar experiments. It may 
be concluded, therefore, that carotid-nerve sympathetic potentials are 
obtained from stimulation of sympathetic nerve fibres that join the carotid 
nerve near the carotid body and not from fibres that apparently penetrate 


_ into the glomus. The latter presumably correspond to those fibres described 


by de Castro (1926) which course in the interstitial spaces of the organ. 
These fibres may contribute to the vascular irinervation of the organ and 
18-2 
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be responsible for the small increase in chemoreceptor discharges that is 
obtained in the animal, apparently due to vasoconstriction (Eyzaguirre & 
Lewin, 19615). 

Anatomical observations 


A series of observations were made to study the fibre content of the 
carotid nerve, carotid body and ganglio-glomerular nerve by means of 
phase-contrast and electron microscopy. Results presented below show 


that the carotid nerve possesses numerous non-myelinated fibres besides — 


the well known myelinated axons. They also show the distribution of both 
myelinated and non-myelinated axons within the carotid body and the 
diameter distribution of non-myelinated fibres in the ganglio-glomerular 
nerve. 


The carotid nerve 


Plate 1A illustrates a cross-section of the carotid nerve near its central 
portion, as examined with the phase-contrast microscope; the abundance 
of myelinated fibres is evident. The spaces between the myelinated fibres 
are occupied by tissue bundles which are better seen in Pl. 1B and C. 
_ These are phase-contrast micrographs obtained from carotid-body sections 
at the point of carotid-nerve penetration. The tissue bundles observed 
between the myelinated fibres correspond to groups of non-myelinated 
-({C) fibres, as was evident on examining the specimens under the electron 
microscope. Plate 2 shows an electron micrograph obtained from a section 
of the carotid nerve near the glomus. It may be noticed that the myelinated 
fibres are outnumbered by the non-myelinated axons (arrows). The latter are 
grouped in bundles enveloped by Schwan-cell sheaths. In several instances 
the Schwan-cell nucleus (S) may be seen surrounded by groups of C fibres. 

The diameter distribution of non-myelinated fibres was obtained from 
30 sections derived from two different nerves. A total of 2037 non- 
myelinated fibres were measured and their diameter distribution curve 
is presented in Text-fig. 3A. This unimodal curve shows that non- 
myelinated fibres in the carotid nerve have diameters ranging from 0-1 to 
1-3, the mode of the frequency distribution being 0-3—-0-5 p. 

_ The myelinated fibres in the carotid nerve number from 600 to 700 fibres 
. (de Castro, 1951). De Castro indicated that 17:-5% of these fibres had 
diameters of from 1-5 to 2-84; 79% of the fibres from 3 to 5y and 3:5 % 
had diameters of 6-84. However, since no diameter distribution curve 
seemed to be available all the myelinated fibres (578) in one carotid nerve 
were measured. The diameters of these fibres ranged from 1-0 to 9-0 and 
their diameter distribution is presented in Text-fig. 3B. From the illustra- 


tion it may readily be seen that the values obtained from this nerve are 


similar to those presented by de Castro. 
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The proportion of non-myelinated fibres relative to myelinated ones was 
estimated indirectly, since the former could not be counted from the phase- 
microscope photographs and the electron micrographs did not include a 
sizeable portion of the nerve. Consequently, fifteen electron micrographs 
(total magnification 4800-8400 times) were used in the counting of 
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Text-fig. 3. Diameter distribution curves of fibres in the carotid nerve of the cat. 
A, measurements obtained from 2037 non-myelinated fibres analysed from 
30 sections made in two nerves. B, measurements from all myelinated fibres (578) 
from one carotid nerve. : 


-TaBLE 1. Ratio of non-myelinated to myelinated fibres in the carotid nerve. Sections made 


at three different levels; at the origin of nerve in the glomus, at 1-0 mm from the origin and 
at the middle of nerve : 


No. of No. of 
non-myelinated myelinated 
Section level fibres fibres Ratio 
Origin 603 122 4-94 
1 mm from origin 4-53 
Middle 404 191 2-11 


myelinated and non-myelinated nerve fibres. The photographs were 


Obtained from sections made at three different levels, namely, at the 


glomerular origin of the carotid nerve (same region as that illustrated in 
Pl. 1B and C), at 1. mm from the glomerular origin and also at a point close 


to the middle of the carotid nerve. Table 1 shows the ratio of non- 


myelinated to myelinated fibres obtained at these three different levels. 
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From the Table it is clear that non-myelinated fibres are more numerous 
than myelinated ones. However, the ratio becomes smaller at the middle 


of the nerve than it is near the glomus. The number of fibres counted is — 


small and, therefore, it is difficult to draw definite conclusions as to the 
reason for the reduction in the ratio of non-myelinated to myelinated fibres. 
A possible explanation is that near the middle of the carotid nerve the 
section includes both the glomerular and sinus branches of the nerve. It is 
possible that the sinus branch may have a larger proportion of myelinated 
axons than the glomerular branch. Serial sections of the region will be 
necessary in order to elucidate this point. The fact that in the carotid 
nerve the non-myelinated axons outnumber the myelinated ones is not 
unusual. In other nerves something similar occurs (Davenport & Ranson, 
1931). 
The carotid body 

The glomus was serially sectioned starting from the point of entry of the 
carotid nerve, and specimens were examined by phase-contrast and 
electron microscopy. Particular attention was paid to the nerves in the 


organ, since the distribution of nerve fibres in the organ has not been | 


clearly defined. 

Near the pole of carotid-nerve entry the nerves are grouped in bundles 

containing large numbers of myelinated and non-myelinated nerve fibres 
(Pl. 1B and C). Sections nearer to the equator of the organ revealed 
myelinated nerve fibres interspersed between the glomerular tissues. 
Sometimes it was possible to detect at the centre of the organ nerve bundles 
formed by myelinated and non-myelinated nerve fibres. Also, near the 
periphery of the equatorial region, well defined nerve bundles with both 
types of nerve fibres were clearly recognized. The centrally located nerve 
bundles became less conspicuous as sectioning proceeded toward the other 
pole of the organ, aerrney the peripherally located bundles were still 
clearly seen. 

Plate 3A and B shows electron micrographs obtained from sections per- 
formed near the equatorial region of the carotid body. A shows a cross- 
section of a nerve bundle located at the periphery of such a region. A number 
of myelinated fibres (M) may be seen, some of which clearly show the 

Schwan-cell (S) nucleus. The Schwan-cell membrané of these fibres is 
distinctly seen in all instances. In addition, numerous non-myelinated 
fibres (arrows) may be seen, some of them around a Schwan-cell (S) nucleus ; 
they clearly outnumber the myelinated axons. It is not known whether or 
not some (or all) of these fibres have a sympathetic origin. Plate 3B shows 
a cross-section made at the same level as that shown in A, but this section 
covered the centre of the glomus. Two ‘chief’ cells (G) may be seen with 
their large nucleus (Gn); one of them is enveloped by a sustentacular 
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process (Sp) similar to those described by Ross (1959). The cell cytoplasm 
is abundantly supplied by mitochondria and by small osmiophilic granules, 
as described previously by other authors (Garner & Duncan, 1958; Lever, 
Lewis & Boyd, 1959). An interesting feature of this illustration is that 
myelinated (M) and non-myelinated (arrows) fibres are interspersed among 
the cells. The non-myelinated fibres may be either non-myelinated C fibres 
(either of medullary or sympathetic origin) or the non-myelinated endings 
of myelinated fibres. It is known that a number of myelinated fibres from 
the carotid nerve lose their myelin as they approach the glomerular cells 
(de Castro, 1951). If those fibres are responsible for the transmission of 
chemoreceptor impulses they would be similar to sensory fibres of other 
receptors. 

In summary, it may be said that cross-sections of the carotid body 
reveal the presence of numerous myelinated and non-myelinated fibres. 
These fibres tend to be rather dispersed and less numerous near the pole 
opposite to that of carotid-nerve entry. They tend to be more numerous 
and grouped in bundles as they approach the carotid-nerve pole. 


The ganglio-glomerular nerve 

_ This nerve was also examined by phase-contrast and electron microscopy. 

The sections were made at a level where the ganglio-glomerular nerve 
appeared as a single bundle. At times, however, the section showed the 
presence of two distinct nerve bundles which corresponded to the two nerve 
branches of this nerve (see above). Both branches showed a similar type 
of fibre content, namely, very abundant C fibres and very few myelinated 
axons. Plate 4A shows a cross-section of the ganglio-glomerular nerve as 
examined with the light microscope. The nerve is well encapsulated and 
within the capsule numerous C fibres may be seen. Only very few 
myelinated fibres (marked by arrows) seem to be present in this nerve 
(about 30 in the photograph). A few blood vessels are also apparent in this 
picture. Plate 4B is an enlarged electron micrograph obtained from the 
same nerve for the purpose of showing the numerous non-myelinated fibres. 

. These fibres are grouped in small bundles enveloped by the Schwan-cell 
- membrane. A few Schwan-cell nuclei (S) may be seen surrounded by non- 
myelinated axons. 

The non-myelinated fibres of the ganglio-glomerular nerve were measured 
from electron micrographs obtained from sections made at a point where 
the nerve had not yet divided into the two branches described before. 
A total of 2390 non-myelinated fibres were analysed from 26 sections 
obtained from two nerves. Their diameter distribution curve is presented 
in Text-fig. 4. The fibre diameters range from 0-1 to 2-04. The curve shows 
a possible tendency to bimodality with a peak at 0-2 and a second pro- 
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minence with a not-too-well-defined peak at 0-6 to 0-94. The section 
covered, in all likelihood, the nerve fibres going to the glomus in addition 
to those joining the carotid nerve without entering the carotid body (see 
above). It is possible, therefore, that a selective section of the sympathetic 
carotid-nerve branch may reveal a clear bimodal distribution, as one 
would expect from physiological recordings (see Physiological observations, 
p. 270; also Eyzaguirre & Lewin, 19615). 3 
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Text-fig. 4. Diameter distribution of non-myelinated nerve fibres in ganglio- 
glomerular nerve. Measurements from 2390 fibres from 26 sections made in two 
nerves. 


DISCUSSION 


De Castro (1951) has indicated, on the basis of histological evidence, — : 


that the larger carotid-nerve myelinated fibres probably convey presso- 
receptor impulses, while the smaller ones are probably chemoreceptor 
fibres. This suggestion has been frequently accepted as valid, since carotid- 


nerve action potentials elicited by pressoreceptor fibres are usually larger 


than those evoked by chemoreceptor fibres. However, this is not always 
the case, since small action potentials may be elicited by pressoreceptor 
fibres (Landgren, 1952) and often it is possible to record action potentials 
from chemoreceptor fibres which may be larger than pressoreceptor ones 


(cf. Heymans & Neil, 1958). However, the available physiological evidence © 


does not provide a definite answer to this question, since it is based on 
action-potential magnitude which is dependent on local recording condi- 
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_ sinus area, One nerve goes to the sinus while one or two reach the carotid 
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tions. The anatomical evidence presented in this study does not by itself 
solve this problem even if large myelinated fibres may be found in the 
carotid body (see Pl. 1B and C); de Castro (1926, 1951) has shown that 
myelinated fibres penetrate the glomerular capsule to innervate the arteries 
and arterioles of the glomus. Conduction-velocity studies are necessary in 
order to determine the relative diameters of presso- and chemoreceptor 
fibres present in this nerve. In this connexion it is worth noting that 
Paintal (1953) has shown that aortic chemoreceptor fibres conduct at 
7-12 m/sec while pressoreceptor fibres conduct at 12-53 m/sec, the assump- 
tion being that the former are smaller than the latter. 

The above picture is complicated by the finding of numerous non- 
myelinated fibres in the carotid nerve. Some of these fibres originate from 
the superior cervical ganglion, but a number of them have, presumably, 
an intracranial origin. The functional role of either type of C fibre is 
unknown. It is possible, however, that some C fibres of cranial origin may 
subserve either sensory or efferent functions and participate in reflex 
responses originating either in the carotid body or sinus. Any discussion 
concerning the possible role of the carotid-nerve sympathetic C fibres will 
have to wait until the central connexions of this pathway are determined. — 

The finding of numerous C fibres in the carotid nerve of the cat brings 
into focus the observation of Douglas & Ritchie (1956), who found that 
cardiovascular reflexes may be elicited in the rabbit upon stimulation of 
carotid-nerve C fibres. But it is not known whether the carotid nerve of 
the rabbit has more than one type of non-myelinated fibre as is the case 
in the cat. Consequently, until this point is established it will not be clear 
whether they stimulated sympathetic C fibres or other non-myelinated 
axons. | 


SUMMARY 


1. The innervation of the carotid body and the fibre content of nerves 
reaching this organ was studied by examining fresh specimens under a 
dissecting microscope and polarized light, by stimulation and recording 
from the nerves and by studying fixed specimens under phase-contrast and 
electron microscopes. 

2. Examination of fresh tissues showed that the carotid nerve divides 
near the glomus into two branches: one goes to the sinus while the other 
innervates the glomus. The glomerular branch undergoes further sub- 
divisions in order to innervate different glomerular lobules. Usually two 
or three nerves link the superior cervical ganglion with the carotid-body- 


body. From the latter a nerve branch leaves the nerve close to the glomus 
to join the carotid nerve, bypassing the carotid body. 
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3. Physiological experiments have shown the presence of two types of 
non-myelinated fibres in the carotid nerve; the fibres of one type come from 


the superior cervical ganglion and travel in the carotid nerve via the branch ) 


that bypasses the glomus. Other esha deepens fibres have, presumably, 
an intracranial origin. ! 

4. The fixed specimens showed that the carotid nerve possesses 
abundant myelinated fibres and very numerous non-myelinated axons 
which outnumber the myelinated fibres. The non-myelinated axons have 
diameters ranging from 0-1 to 0-31 and the myelinated ones of from 1-0 to 
90x. Serial sections of the carotid body indicate the presence of numerous 
myelinated and non-myelinated fibres within the organ capsule. Some of 
these fibres are interspersed among the glomerular cells while others are 
grouped in bundles near the periphery of the organ. Fibre grouping tends 
to become more conspicuous near the pole of carotid-nerve penetration. 
The ganglio-glomerular nerve(s) consists mainly of non-myelinated fibres 
_ with diameters ranging from 0-1 to 2:0; myelinated fibres are few. 

5. The possible role of different fibres in the carotid nerve is discussed. 


This work was supported by grant G-9952 from the National Science Foundation, by a 
Senior Research Fellowship SF-260 and grant B-2584 from the United States Public 
Health Service. — 
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EXPLANATION OF PLATES 
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Phase-contrast micrographs of carotid nerve in the cat. A, cross-section near middle of 
nerve. B and C, cross-sections of glomus at point of carotid nerve penetration. Note the 
different nerve bundles. Vertical bar in A = 14:1 p. 


PLATE 2 
Electron micrograph obtained from carotid-nerve section (unstained) near its point of 
origin. Note myelinated fibres (M) and numerous C-fibre groups indicated by arrows. 
Sometimes clusters of C fibres are surrounding a Schwan-cell nucleus (8). At the lower right- 
hand corner two capillary vessels may be seen (V). Horizontal bar = 2 ji. 

PLATE 3 

Electron micrograph obtained from cross-section at the middle of the carotid body ; specimen 
stained with uranium acetate. A, section of nerve bundle near glomerular capsule. Several 
myelinated fibres (M) outnumbered by non-myelinated axons (arrows). Some Schwan cells 
(8) envelop either myelinated or non-myelinated axons. B, cross-section of glomus at centre 
of organ. Two myelinated fibres (M) may be seen at right-hand edge of picture. Two ‘chief’ 
cells (G) are present, showing their large nuclei (Gn). The upper ‘chief’ cell is enveloped by 
a sustentacular process (Sp). Numerous non-myelinated fibres (arrows) may be seen 
interspersed among the cells. Three Schwan cells (8S) are clearly seen. At the upper left 
corner a blood vessel (V) is seen. Vertical bars = 2. 


PLATE 4 
Cross-sections of the ganglio-glomerular nerve. A, phase-contrast micrograph showing most 
of the nerve which is formed mainly by non-myelinated fibres. Arrows indicate small 
clusters of myelinated fibres. Horizontal bar = 15. B, electron micrograph from section 
of the same nerve, stained with uranium acetate. Note clusters of C fibres. The dark bodies 
represent Schwan-cell nuclei. Horizontal bar = 2 yp. 
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THE DISCHARGE PATTERN OF MUSCLE SPINDLES OF THE 
RABBIT ON ACTIVATION OF INTRAFUSAL MUSCLE FIBRES 


By K. DIETE-SPIFF* 
From the Department of Physiology, University College London 


(Received 15 May 1961) 


Histological studies show two types of receptor ending in the muscle 
spindle. The one has been called annulospiral, nuclear-bag, A 2 or primary ; 
the other has been called flower-spray, myotube, Al or secondary. It is 
generally agreed that the primary endings have larger nerve fibres than the 
secondary endings, and Hunt (1954) showed that the receptor fibres of the 
muscle spindle were bimodally distributed, one peak lying in Group I and 
the other in Group II. There has since been a tendency to classify all 
spindle receptor fibres conducting at Group I velocity (72-120 m/sec) as 
coming from primary receptors, and those conducting at Group II 
velocity (24-72 m/sec) as coming from secondary receptors. 


When the intrafusal muscle fibres alone contract the frequency of dis- — 


charge of the spindle receptors is increased. Moreover, Hunt (1954) 
showed that there was no qualitative difference in behaviour between the 
. two types of spindle receptor when the intrafusal muscles were made to 
contract by repetitive stimulation of the small motor fibres in the ventral 
~ roots. When the extrafusal muscle fibres alone contract, the strain is re- 
moved from the muscle spindles by virtue of their arrangement in parallel 
with the extrafusal fibres (Fulton & Pi-Sufier, 1928). The spindle receptors 
therefore stop discharging during the rising phase of the muscle tension 
record (Matthews, 1933). When both the intrafusal and extrafusal muscle 
fibres contract, as happens when strong stimuli are applied to the muscle 
nerve, the resultant of their contractions is such that some endings do not 
stop discharging during the rising phase of the muscle tension record 
(Matthews, 1933; Hunt & Kuffler, 1951). These endings are supplied by 
fibres of fast conduction and hence it is likely that they are primary 
endings. The response of the secondary endings during supramaximal 
stimulation of the muscle nerve has, however, remained uncertain. Mat- 
thews (1933) showed that certain muscle spindle endings, the A 1 endings 
which were believed to be identical with secondary endings, could not be 
activated during contraction of the extrafusal muscle (see also Cooper 
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1959). Hunt (1954), however, showed that some of the endings with fibres 
of Group II conduction velocity could be activated by muscle nerve stimu- 
lation when the muscle contracted isometrically. In view of these diver- 
gent results, it was considered necessary to re-investigate the effect of 
extrafusal and intrafusal activity on the response of secondary muscle 
spindle endings. 

In this paper, an attempt has been made to provide an explanation of 
differences in behaviour of muscle spindle receptors, and to discover the 
conditions in which both types of receptor ending may be activated. It 
has been found that most of the lower velocity spindle receptor fibres are 
activated by stimulation of the muscle nerve only if the contraction of the 
extrafusal muscle fibres is removed or reduced, and when the stimulation 
is tetanic. If, as seems probable, these fibres are from secondary endings, 
then the work of Boyd (1959) leads one to suggest that the secondary 
endings of the muscle spindle are influenced by slow muscle capable of 
graded contraction, whereas the primary endings lie mainly on muscle 
capable of all-or-nothing twitches. 

A preliminary account of this work has already appeared (Diete-Spiff, 
1960), 


METHODS 


Rabbits were anaesthetized either with a 5% solution of sodium hexobarbitone or with 
urethane (25g/100 ml.) in 0:9% NaCl solution. When urethane was used, the full dose — 
(1:6-1-8 g/kg body weight) was given into a marginal ear vein. Further doses were ad- 
ministered intraperitoneally as required. When sodium hexobarbitone was used, sufficient 
was administered initially into a marginal ear vein to induce surgical anaesthesia, and there- 
after surgical anaesthesia was maintained by small doses administered through a polythene 
cannula in the right femoral vein, After the trachea had been cannulated, the left leg was 
partially denervated by cutting the femoral and obturator nerves, and 5-10 mg of hexame- 
thonium bromide (in 0-9% NaCl) given intravenously to lower the blood pressure. This 
enabled a relatively bloodless laminectomy to be performed. The blood pressure returned to 
normal inside 30 min, well before the start of the experiment proper. The cord was usually 
exposed from the level of L5 to $2 spinous processes. The animal was then fixed rigidly by 
clamps at the upper ends of both femoral bones, a clamp at the lower end of the left tibia, 
and a pin through the muscles and spinous processes of the 4th lumbar vertebra. An incision 
was made in the left popliteal fossa extending inferiorly to the lower limits of this fossa and 
superiorly to the level of the first sacral spinous process. All the branches of the sciatic and 
popliteal nerves were then cut, except the nerve to the medial head of the gastrocnemius 
muscle and the nerve to the plantaris muscle of the left leg. Both the triceps surae tendon 
and that of the plantaris muscle were prepared for recording tension. After isolating a re- 
ceptor fibre the muscle containing its ending was identified by stretching it; the nerve to the 
other muscle was then cut. The tendon of the semi-membranosus muscle was cut through 
the same incision. 

In order to limit the field of action of drugs which were to be injected intra-arterially later 
in the experiment, the side branches of the femoral and popliteal arteries were tied off as 
they were revealed during various stages of the dissection. After the tendons had been 
prepared, the posterior tibial artery was cannulated with a fine heparinized cannula, and the 
anterior tibial artery tied off at the level of the ankle. 
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The dura mater was opened under warm paraffin oil (B.P.), equilibrated with water, at 
37—38° C. The ventral and dorsal roots from the L6 to 81 (at times also L5) were cut on the 
left side, after which L7 or 81 dorsal root was mounted on a single platinum electrode. The 
spindle receptor discharges were sampled in split filaments of one of these two dorsal roots, 
almost always from $1. The muscle was made to contract by stimulating its nerve. The 
stimuli used in all instances were of 120 psec duration, and for tetanic stimulation the 
frequency was 150--200/sec. The action potentials as well as the tension changes were am- 
plified and recorded by means of a conventional amplifying system. The conduction velocity 
was calculated from a measurement of conduction time from the stimulus artifact to the 
start of the evoked spike and the conduction distance, which was measured after killing the 
animal, without removing the nerve from the body. No correction was made for setting-up 
time at the stimulating electrodes. The action potentials set up by electrical stimulation 
were compared in amplitude and duration with those obtained by stretching the muscle 
(cf. criteria of Paintal, 1953). The experiments were performed at the initial tension which 
permitted the development of maximum tension. While stimulating the muscle nerve supra- 
maximally with single nerve shocks, the initial length of the muscle was adjusted until the 
deflexion on the screen of the oscilloscope which signified tension appeared maximal; the 
experiment was then continued at that initial tension. The muscle and nerve temperatures 
were kept at 34-36° C, the rectal temperature at 37—39° C. 

When succinylcholine chloride (Scoline; Allen and Hanbury) was used, it was given in 
Locke’s solution by retrograde injection into the posterior tibial artery without occluding 
the circulation. The success of the method depends, among other things, on a relatively slow 
rate of injection together with a good blood pressure. Up to six doses of succinylcholine 
were injected into any one muscle, but the usual number of injections was from three to 
four. Thirty minutes at least was allowed to elapse between injections. The site of action of 
the drug is almost completely localized to the gastrocnemius, soleus, and plantaris muscles, 
as revealed by intra-arterial injection of Indian ink through the same artery before the 
animal was killed. 

Some experiments were performed on rabbits spinalized at the level of the fifth leniber 
spinous process. 

Nomenclature. ‘Spindle receptor fibre’ is used in the text to include any nerve fibre from 
the muscle spindle which conducts impulses towards the spinal cord. It is synonymous 
with spindle afferent or sensory fibre of other writers. ‘Slack muscle’ means a muscle which 
has been freed from its insertion and is not attached to the myograph. 


RESULTS 

_. The Pare is based on the discharges in twenty-eight spindle receptor 
fibres belonging to the gastrocnemius medialis or plantaris muscles. Any 
fibre whose frequency of discharge slowed or stopped during the rising 
phase of a just-maximal twitch of the muscle containing its ending was 
classified as a spindle receptor fibre; fibres whose frequency of discharge 
increased in similar circumstances were taken to be tendon organ receptor 
fibres (cf. Matthews, 1933). 

It soon became clear that many muscle spindle receptors could not be 
induced to discharge during the rising phase of the muscle tension record 
in a maximal twitch. An attempt was therefore made to activate the 
muscle spindle receptors while stimulating the mixed nerve, but without the 
complication of extrafusal contraction. This was achieved by reducing or 

abolishing extrafusal muscle contraction with the drug succinylcholine 
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chloride, injected intra-arterially into the gastrocnemius and plantaris 
vessels. Since the administration of succinylcholine chloride forms an 
essential part of the experiments, its action on extrafusal muscle fibres ard 
on muscle spindles will first be described. 


The effect of succinylcholine on extrafusal contraction 
and on the discharge of spindle receptors 

Within a minute of intra-arterial injection of 25-500 yg of succinyl- 
choline chloride, paralysis of the extrafusal muscle fibres ensued, the 
completeness of the paralysis depending on the dose. The degree of reduc- 
tion in extrafusal tension was observed by stimulating the muscle nerve 
once every 4—5 sec at the stimulus strength which had previously caused 
maximal contraction of the extrafusal muscle fibres: recovery from para- 
lysis was studied in a similar fashion. When an adequate stimulus was 
applied to the muscle nerve during the period of reduced or absent extra- 
fusal contraction, spindle receptor discharges which were previously absent 
during the rising phase of tension occurred (Fig. 1). Thus the end-plates 
on the intrafusal muscle fibres are more resistant to succinylcholine than 


a(no stim.) b (max.) é (10x max.) 


d (no stim.) : e (max.) f (10 x max.) 
- 
| 
100 msec 


Fig. 1. Selective activation of a spindle receptor (3) (fibre conduction velocity of 
fibre = 95 m/sec) by single muscle nerve shock after paralysis of the extrafusal 
muscle fibres. Upper traces are tension records (increase in tension signalled 
downwards); lower traces aré spindle receptor discharges. Plantaris receptor; 
urethane anaesthesia. a—c, before succinylcholine; d-f, after 100 wg succinyl- 
choline. Note acceleration of the receptor discharge in d and discharges during 
contraction in f. * 
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are those on the extrafusal muscle fibres. The dose of succinylcholine 
which was needed to produce extrafusal paralysis varied from 25 to 500 pg. 
This variation might have been caused by several factors, but was pre- 
sumably due in part to the difference in the degree of localization of the 
drug: in most experiments 50-100 yg of succinylcholine was sufficient. 
By using a larger dose of succinylcholine than was necessary to block 
extrafusal contraction the intrafusal contraction could also be blocked. 
However, it was always possible to find a dose of succinylcholine which 
would block the extrafusal muscles selectively, thereby enabling the intra- 
fusal muscle fibres to be activated on their own. 


It was shown by Granit, Skoglund & Thesleff (1953) that succinylcholine excited muscle — 


spindle receptors of the cat but had no effect on tendon organs of the same animal. The action 
of succinylcholine on similar receptors of the rabbit investigated in this work is in agreement 
with their findings. Two stages in the action of the drug, an initial and a later phase, vated 
however, be differentiated. 

In the initial phase the muscle showed irregular contractions (‘fasciculation’) which co- 
incided with the time of arrival of the drug. The irregular contractions were clearly visible 
and tension changes of 100 g or more were recorded, especially in decerebrate animals. 
During this phase previously tonically discharging muscle spindle receptors stopped firing. 
In contrast, previously silent tendon organs started to discharge. The effect was presumably 
due to the fact that the drug caused the extrafusal muscle fibres to contract, thereby un- 
loading the muscle spindle but producing sufficient tension to excite the tendon organs. 
The initial phase of suocinyicholine action lasted a few seconds and led abruptly into the 
second stage. 

In the second phase, that of spindle excitation, the discharge of the spindle receptors 
built up to a peak within 30 sec and sometimes persisted for 2 min or longer, depending on 


the dose of succinylcholine. Excitation which lasted over 5 min was seen. The effect was — 


observed usually with 25 ug and invariably with 50 yg of succinylcholine. Spindle receptors 
whose fibres conducted at Group I as well as those whose fibres conducted at Group II con- 
duction velocity were excited by the drug (Fujimori, Tokizane & Eldred, 1959). The recep- 
tors were still sensitive to stretch during and after the stage of excitation, but in some cases, 
especially with doses over 50 ug of succinylcholine, excitation was followed by complete 
silencing of the receptor. In a spindle receptor whose fibre was conducting at 36 m/sec 
100 yg of succinylcholine caused excitation of the receptor, but this stopped abruptly 3 min 
after injection of the drug. At this time the receptor was insensitive to stretch, although 
stretch sensitivity soon returned and the normal behaviour pattern of the receptor was 
established. The blocking of the receptor by succinylcholine supports the suggestion by 
Granit et al. (1953) that the drug acts on the sensory terminals themselves. 

In none of five tendon organs studied was excitation observed i in the second phase, the 
phase of spindle receptor excitation. 


The discharge pattern of spindle receptor fibres 
on stimulation of the muscle nerve 
In the ink experiments the procedure was standardized as follows: 
After separation of a spindle receptor fibre, the conduction time from the 
stimulating electrode on the muscle nerve to the recording electrode on the 
dorsal root filament was recorded. The muscle nerve was then stimulated 
with single shocks of gradually increasing intensity until the twitch tension 
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reached a maximum. The intensity of the stimulus necessary to cause a 
maximal twitch will be referred to as the alpha-maximum voltage through- 
out the remainder of this paper. The responses of the spindle receptor 
fibre were observed: whilst the alpha-maximum voltage was being deter- 
mined. In no instances were there action potentials during the rising phase 
of the muscle twitch when the stimulus to the muscle nerve was below the 
alpha-maximum voltage. The stimulus intensity was then raised pro- 
gressively up to ten times the alpha-maximum voltage. If discharges 
occurred during the rising phase of tension, the threshold voltage at which 
this took place was determined and expressed as a multiple of the alpha- 
maximum voltage. The stimulus strength was then set at the alpha- 
maximum voltage and the muscle nerve stimulated at a frequency of 
150-200/sec. Again the stimulus intensity was raised progressively to ten 
times the alpha-maximum voltage; the threshold voltage at which spindle 
receptor discharges occurred during the rising phase of tension was 
determined. Succinylcholine was then injected; as stated previously this 
excited the receptors in addition to paralysing the extrafusal contraction. 
When this excitation was seen to be declining, i.e. in about 2 min from the | 
time of injection of the drug, the muscle nerve was stimulated, with single 
shocks at intensities ranging from the alpha-maximum to ten times this 
voltage. If spindle receptor discharges occurred during the time, which in © 
the absence of extrafusal paralysis would have been the rising phase of 
muscle tension, the threshold intensity of muscle nerve stimulation 
necessary to produce these discharges was determined. The procedure was 
then repeated, using tetanic stimulation, either immediately after the 
single shock testing or after a succeeding dose of succinylcholine. At the 
start of the period of testing the responses of the muscle and its receptor 
the latter was still obviously excited by the succinylcholine; later in the 
testing period the excitation was no longer apparent, i.e. the frequency of © 
- discharge of the receptor was now at its pre-injection level. The receptor 
may, however, have been still under the influence of the drug at this stage. 
_ In two experiments, therefore, gallamine triethiodide (Flaxedil; May and 
Baker) was used instead of succinylcholine. Gallamine paralyses the extra- 
_ fusal muscle with no concomitant excitation of the spindle receptors. This 
is referred to again in the Discussion. The procedure detailed above was not 
followed in all experiments owing to the relatively short life-time of a 
receptor fibre after isolation. In the later experiments, therefore, if 
spindle discharges occurred during the rising phase of the muscle tension 
record to single shocks to the muscle nerve, no time was spent in stimula- 
ting tetanically. Instead, the threshold of a spindle receptor activation 
was determined repeatedly. 

The re are summarized in Table 1. The receptors fell into two 
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groups, namely, 13 which were activated by single shocks to the muscle 
nerve and 8 which were only activated when the muscle nerve was 
stimulated tetanically. 

Spindle receptors activated by single shocks to the muscle nerve. Hight 
receptors responded to single nerve shocks by giving discharges during the 
rising phase of the twitch (Fig. 2d and f large spike).. Five more fibres re- 
sponded to single muscle nerve shocks when the extrafusal contraction 
was reduced or abolished with succinylcholine or gallamine. Thus a total 
of thirteen spindle receptor fibres could be activated by single shocks to 
the muscle nerve. | 

Eight out of these thirteen were also tested with tetanic stimulation. 
Two of these (18 and 19) had responded to single shocks only after treat- 
ment with succinylcholine, and these likewise responded to tetanic 
stimulation only after the drug had been given. Four others (1, 2, 4 and 
6) also responded to tetanic stimulation (for details see Table 1) but the 
other two (10 and 17) showed a phenomenon which was unexpected. They 
were activated after succinylcholine by single but not by tetanic stimula- 
tion of the muscle nerve. No experiments were undertaken to discover the | 
cause of this apparently anomalous finding. One possible cause, however, 
might be the type of depression described by Paintal (1959) and thought 
by him tobe due to stimulation of spindle receptor fibres. 

Figure 3a is a histogram showing the number of spindle receptor fibres 
_ plotted against conduction velocity. Those which could be activated by 
single shocks to the muscle nerve are shown cross-hatched. It is clear from 
this figure that almost all the fibres of fast conduction velocity (more than 
70 m/sec) and a minority of those of slow conduction could be driven by 
single stimuli to the muscle nerve. 

Spindle receptors activated only by repetitive stimuli to the muscle nerve. 
Some fibres which were not activated by single shocks to the muscle nerve 
_ were activated by tetanic stimulation of the nerve. All the fifteen fibres 
which were not activated by single supramaximal shocks to the muscle 
nerves were subjected to repetitive stimulation of the muscle nerve. In 
three of these fibres (13, 20 and 23), it was possible to set up spindle 
receptor discharges during contraction with stimuli to the muscle nerve 
from just maximal to three times the alpha-maximum voltage. In five 
more fibres activation by this means only occurred when the extrafusal 
contraction was diminished or abolished in the manner described previously. 
As extrafusal recovery advanced it was at times necessary to increase the 
number of stimuli necessary to activate the receptor (Fig. 4). 

The fibres activated only by tetanic stimulation of the muscle nerve 
are shown in Fig. 3b. This group of fibres all had conduction velocities in 


the range 30-70 m/sec. : 
19-2 
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100:msec 


| 


Fig. 2. Spindle receptor discharges during the rising phase of the twitch. Plantaris 
receptor; spinal rabbit under urethane anaesthesia. The large spike (1) was re- 
corded from a fibre conducting at 112 m/sec, the small spike (19) from a fibre con- 
‘ducting at 48 m/sec. a, control, nostimulus; 6, stimulusstrength = alpha-maximum 
voltage ; the muscle was slack ; note ‘early discharge’ ; c, stimulus strength = alpha- 
maximum; d,, stimulus strength = 10x alpha-maximum; e, alpha-maximum 
stimulus after 25 wg succinylcholine; f, 1-1 alpha-maximum stimulus after 25 ug 
succinylcholine. The slowly conducting receptor fibre was activated at 2-5 times 
the alpha-maximum Voltage. Lower traces are tension records (increase signalled 
downwards) ; upper traces are receptor discharges. 
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Fig. 3. Spindle seeptce fibres activated by single shocks or by tetanic stimulation. 
{] All fibres. Q Fibres activated by single shock to muscle nerve with or 
without saceinyicholine. 3] Fibres activated only by repetitive stimulation with 
or without 


oo 


Fig. 4. Activation of a muscle spindle receptor (16) (fibre conduction velocity = 
56 m/sec) by tetanic stimulation of the muscle nerve. Plantaris receptor; spinal 
rabbit under urethane anaesthesia. Records a-d form part of records taken at 
5 sec intervals 7-5 min after 500 pg succinylcholine stimulating at 5-8 times alpha- 
maximum voltage: a, single stimulus; b, no stimulus; c, 4 stimuli, one response ; d, 
10 stimuli, three responses. Note the effect of increasing the number of stimuli. 
e-h form part of records taken at 5 sec intervals about 22 min after a, stimulating 
at 8-3 times alpha-maximum voltage synchronous with the injection of 300 yg 
succinylcholine: e-g, single shocks, h, tetanic stimulation. 
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Fibres which were not activated. Seven receptors were not activated by 
single or tetanic stimulation of the muscle nerve by stimuli up to ten 
times the alpha-maximum voltage. In all seven fibres extrafusal contrac- 
tion was maximal; in no instances were the extra fusal muscle fibres para- 
lysed by means of succinylcholine or gallamine. Six of these receptors 
were investigated before the technique of selective block of the extrafusal 


muscle fibres was fully developed (11, 21, 22, 24, 25, 28); the remaining | 


fibre (12) died after the first dose of succinylcholine. If the selective block 
technique has been used, the receptors might have been activated by single 
shocks or repetitive stimuli to the muscle nerve, but this suggestion can 
only remain conjectural in the present circumstances. 

The ‘early discharge’. The early discharge of mammalian muscle 
spindles (Hunt & Kuffler, 1951) was seen in only five spindle receptor 
fibres (Table 1). It was easiest to demonstrate when the muscle was slack. 
The receptor fibres in which it occurred were all of high conduction velo- 
city (70, 74, 74, 106, 112 m/sec). This is in agreement with the observa- 
tions of Granit, Pompeiano & Waltman (1959), who found the early 
discharge almost exclusively in spindle receptor fibres of high conduction 
_ velocity. 


The nature of the motor fibres to the muscle spindle — 


Since the increase in the frequency of discharge of muscle spindle 
receptors in the present work results from contraction of intrafusal muscle 
fibres, the threshold at which activation of a particular spindle receptor 
occurred was taken to be identical with the threshold of the spindle motor 
fibres. Of twenty-one spindle receptors which were activated by stimula- 
tion of the muscle nerve, in only two was activation obtained below the 
alpha-maximum voltage. The effect occurred at the alpha-maximum 
voltage in three fibres, at just above the alpha-maximum voltage in three 
others (1-1; 1-1; 1-3). In thirteen fibres the threshold at which the spindle 
response could be driven was at, or more than twice, the alpha-maximum 
voltage. | | 

An idea of the conduction velocity of spindle motor fibres was obtained 
by comparing these figures with those of Leksell (1945). Leksell deter- 
mined the relative thresholds of gamma and alpha motor fibres (identified 
by measurement of conduction velocity) of hind-limb muscles of the cat. 
He found that the gamma fibres were activated after the stimulus strength 
was raised above the value which activated the least sensitive of the alpha 
motor fibres. Hence it seems that the two fibres (16 and 26), which were 
activated at 0-13 and 0-42 times the alpha-maximum voltage, were sup- 
plied by spindle motor fibres probably conducting in the alpha. range of 
velocities: the receptors which were activated at stimulus strengths above 
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twice the alpha-maximum voltage were probably conducting at gamma 
velocity. | 


Spontaneous discharge of mammalian muscle spindles 
Many spontaneously active receptors, which discharged when the muscle 
was slack, were encountered. The majority of these had receptor fibres of 
the slowly conducting type (Table 1). In nine animals under urethane 
anaesthesia only one fibre conducting impulses faster than 70 m/sec was 
spontaneously active. In contrast, twelve out of fourteen muscle spindles 
with fibres conducting impulses below 70 m/sec were spontaneously active. 


These spontaneous discharges were in all instances noted before the 
injection of succinylcholine or gallamine. 


DISCUSSION 


The results indicate that both types of spindle receptors can be activated 
by repetitive stimulation of the muscle nerve (cf. Hunt, 1954; Harvey 
& Matthews, 1960). In addition, they indicate that although all spindle 
receptor fibres can probably be activated by repetitive stimulation of the — 
muscle nerve, only a limited number also respond to single shocks to the 
muscle nerve, and these mostly lie in the upper range of conduction 
velocities. It seems, therefore, that the spindle receptors investigated in © 
the present work fall into two groups. One group consists of receptors 
which are usually silent in slack muscle, possess receptor fibres of high 
conduction velocity and are activated by single shocks to the muscle 
_ nerve. They may also show an early discharge. The other group comprises 
receptors which are usually active spontaneously, are connected to recep- 
tor fibres of lower conduction velocity and are usually activated only by 
repetitive stimulation of the muscle nerve. They do not show an early 
discharge. 

In many fibres, activation only occurred after complete or partial 
paralysis of the extrafusal muscle fibres’ with succinylcholine chloride. — 
It is suggested that the effect obtained after succinylcholine is due to the 
absence of the unloading effect of extrafusal contraction when the intra- 
fusal muscle fibres act unhindered on adequate stimulation of spindle 
motor fibres. One source of doubt as to the validity of this interpretation 
is the fact that succinylcholine causes marked excitation of the spindle 
receptors in addition to paralysing the extrafusal muscle fibres. It might 
be argued that succinylcholine, which blocks by depolarization, lowers the 
threshold of the receptors and pre-disposes them to repetitive discharges — 
on stimulation of the muscle nerve. However, activation of a receptor has 
been obtained in the absence of the drug, the effects not differing qualita- 
tively or quantitatively when repeated in its presence. Furthermore, the 
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effect has been obtained by blocking extrafusal contraction by the use of 
gallamine, which blocks the neuromuscular junction of skeletal muscle 
without exciting the spindle receptors. Gallamine does not block trans- 
mission across intrafusal end-plates after it has blocked extrafusal end- 
plates completely (Granit, Homma & Matthews, 1959). 

Can the present findings be correlated with the histology of the mascle 
spindle? Considering first the intrafusal muscle fibres, it is suggested that 
the receptors which are activated by single muscle nerve shocks are 
influenced by a different type of intrafusal muscle from the receptors 
which are activated by tetanic stimulation alone. This suggestion is enter- 
tained because of evidence from three different sources, which indicates 
that both twitch and tonic intrafusal muscle fibres exist. First, Kuffler, 
Hunt & Quilliam (1951) recorded slow intrafusal potentials from the 
tenuissimus muscle of the cat. Secondly, Boyd (1958), using histological 
techniques, demonstrated the presence of two types of muscle fibres, large 
and small, in the muscle spindles of the cat’s tenuissimus muscle. He 
later stated that the large intrafusal muscle fibres contracted in an all-or- 
nothing fashion, whereas the small intrafusal muscle fibres were capable 
of graded responses (Boyd, 1959). Thirdly, Eyzaguirre (1960) recorded 
propagated potentials from the muscle spindles of the cat’s tenuissimus 
muscle. He maintained, on account of the absence of slow intrafusal 
potentials, that the intrafusal muscle fibres were twitch fibres. It is 
doubtful, however, if the recording of potential changes in this manner 
will exclude the existence of slow intrafusal muscle fibres, for Ginsborg has 
shown that slow muscle fibres of the chick are capable of propagated 
responses (Ginsborg, 1959). 

Returning to the present results, the receptors of the first group, that 
is, those activated by single nerve shocks, possibly lie on twitch intrafusal 
muscle fibres, whereas the receptors in the second group (activated only 
by tetanic stimulation of the muscle nerve) lie on tonic intrafusal muscle 
fibres. 


Whether these two groups of receptor fibres come from primary sand : 


secondary endings respectively cannot be answered definitely, because of 
- lack of figures of the conduction velocities and fibre sizes of primary and 
secondary spindle receptor fibres from the gastrocnemius medialis and 
plantaris muscles of the rabbit. In the vastus muscle of the rabbit the 
primary and secondary receptor fibres measured 8-12, and 6-9, respec- 
tively inside the muscle (Barker, 1948). Hagbarth & Wohlfart (1952) 


found that the spindle receptor fibres measured 8-15 but did not divide | 


them into two groups, primary and secondary (cat’s gastrocnemius media- 
lis, soleus, and tibialis anterior muscles). Both these figures, which were 
obtained by direct measurement in fixed and stained preparations, are 
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unsuitable for comparing with the conduction velocities of the fibres 
studied in the present work. This is because the maximum expected con- 
duction velocities from the studies in the two papers cited above would be 
72 and 90 m/sec respectively (using a conversion factor of six) whereas 
fibres conducting at over 100 m/sec were encountered in the present work. 
Two other pieces of evidence, less direct than those quoted above, point 
to 70 m/sec as a reasonable figure which could be used in dividing spindle 
receptor fibres into primary and secondary. Hagbarth & Wohlfart (1952) 
showed that receptor fibres from certain hind-limb muscles of the cat 
occurred in three different diameter groupings, viz. 1-5, 5-l1y, llp and 
over (see also Lloyd & Chang, 1948). Secondly, Hunt (1954) found that 
spindle receptor fibres of the cat’s gastrocnemius medialis and soleus 
muscles fell into two definite groups conducting at 24-72 m/sec and 
72-120 m/sec respectively. A reasonable way of dividing the twenty- 
eight spindle receptor fibres studied in this work is to regard fibres con- 
ducting at 70 m/sec and above as coming from primary endings and those 
conductirig impulses below 70 m/sec as originating from secondary endings. 

This would imply that the great majority of primary endings lie on 
twitch intrafusal muscle fibres, since they can be activated by single 
shocks to the muscle nerve, and the majority of secondary endings on 
tonic intrafusal muscle fibres, needing a short tetanus for activation. 
However, the series is not large enough to say how many exceptions there 
may be to this postulate. : 

SUMMARY 

1. A study has been made of the responses of twenty-eight spindle 
receptor fibres from the gastrocnemius medialis and plantaris muscles of 
anaesthetized rabbits under conditions of maximal and minimal extrafusal 
contraction. 

2. A technique by which intrafusal cael fibres can be activated 
selectively is described. It consists of paralysing the extrafusal muscle 
fibres partially or completely by retrograde injection of succinylcholine, 
coupled with adéquate stimulation of the muscle nerve by single shocks or 
brief tetani. 

3. The spindle receptor fibres of high conduction velocity (> 70 m/sec) 
were activated by single shocks to the muscle nerve. The majority of 
spindle receptor fibres of lower conduction (70 m/sec or less) were activated 
only by repetitive stimulation of the muscle nerves. 

4. The voltage at which activation of the spindle receptors occurred 
was at or above the voltage which evoked a maximal twitch of the extra- 
fusal muscle fibres. However, two endings were activated by stimuli 
which were only a fraction of the voltage which was needed to produce a 
maximal extrafusal twitch. 
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5. An attempt is made to correlate the findings with the types of recep- 
tor ending and with the nature of intrafusal muscle fibres. 


I wish to express my gratitude to Mr J. E. Pascoe who suggested the problem to me and 
to the Medical Research Council for a grant to Mr J. <. Pascoe in connexion with this work. 
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DRINKING BY RATS DEPLETED OF BODY FLUID WITHOUT 
INCREASE IN OSMOTIC PRESSURE 


J. T. FITZSIMONS 
From the Physiological Laboratory, University of Cambridge 


(Received 16 June 1961) 


Strauss (1958) said that: “Thirst may occur in a variety of situations in 
which there is reason to believe that the volume of body fluids is contracted 
without concomitant change in osmolality.’ As Strauss implies, the evi- 
dence is only suggestive. The present experiments were carried out in order 
to determine whether reduction in effective fluid volume without increase 
in crystalloid osmotic pressure, by peritoneal dialysis or by bleeding, would 


cause rats to drink. 


METHODS 


Albino rats of both sexes weighing between 150 and 500 g were used. During the experi- 
ments they were housed in individual metabolism cages with water available from a drinking 
meter (Fitzsimons, 1958) but no food. Urine was collected and measured by weighing, the 
bladder being emptied by suprapubic pressure at the start and finish of the experiment. 

Effective fluid volume was reduced by peritoneal dialysis or by bleeding. Peritoneal 
dialysis was carried out in two ways; by intraperitoneal injection of hyperoncotic colloid 
dissolved in water or in 0-9 % sodium chloride, or by placing Visking cellulose sacs containing 
hyperoncotic colloid dissolved in 0-9% sodium chloride in the peritoneal cavity. Gum 
acacia, polyvinyl pyrrolidone and polyethylene glycol in 25-50% (w/v) solutions were used. 
The Visking cellulose sacs were to prevent systemic absorption of colloid from the peritoneal 
cavity. The sacs were well tolerated, though the depletions produced were smaller than 
when the colloid was introduced directly in the peritoneal vachige de Animals were bled by 
cutting off the tip of the tail. 

The experimental procedure was to inject a known weight of hyperoncotic solution, or 


insert a weighed Visking cellulose sac containing hyperoncotic solution through a small 


lumbar incision, or to bleed the animal a known amount, all procedures being carried out 


under ether anaesthesia. The rat was weighed to the nearest 0-1 g and placed in its meta- 


bolism cage, by which time it was recovering consciousness. Spontaneous drinking was 
recorded and urine collected for the next 6 hr. At the end of this time the rat was again 
anaesthetized and weighed and the change in weight of the rat was used as a measure of 
net fluid intake. The ascitic fluid or sac was recovered and weighed and the depletion 
produced in 6 hr obtained from the changes in weight. 

Some experiments were made on nephrectomized rats by essentially the same procedure, 
except that there was no urine to collect. Bilateral nephrectomy was carried out through a 
lumbar incision, the colloid or sac introduced and the wounds in the muscle wall sealed to 
prevent escape of fluid, or the animal was bled. 

The amount of water drunk, net fluid intake (i.e. change in body weight), depletion 
(i.e. increase in ascitic fluid or blood loss) and amount of urine were expressed as percentages 
of the initial body weight before the intraperitoneal procedures or bleeding. 
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In some experiments serum and dialysate freezing points were measured thermo- 
electrically, using a thermistor and simple bridge circuit. Blood samples were taken from 
the tail at the start and finish of the experiment and ascitic fluid was obtained at the same 
time as the final blood sample. » 


RESULTS 
The rate and magnitude of depletion 
The rate of accumulation of ascitic fluid in normal rats not allowed to 
drink after intraperitoneal injection of gum acacia dissolved in water is 
plotted in Fig. 1. Each point is the result from a different rat but all were 
given approximately the same dose of gum acacia per 100 g body weight. 


4 


q T 


w 


Depletion (g/100 g initial body weight) 
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‘Fig. 1, The rate of accumulation of ascitic fluid in normal rats, not allowed to 
drink, after intraperitoneal injection of between 0-87 and 0-96 g of gum acacia/ 
100 g body wt. in 50% solution in water. Each point is the result from a single rat. 


The time course of swelling of Visking cellulose sacs containing colloid 
dissolved in 0-9 % sodium chloride and suspended in 0-9 /, sodium chloride 
is essentially the same. 

The total depletions produced at the end of 6 hr by various doses of 
gum acacia are plotted in Fig. 2. Nephrectomy makes little difference to 
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the degree of depletion produced nor does it matter whether the colloid is 
dissolved in water or 0-9°% sodium chloride, suggesting that the peri- 
toneum is as freely permeable to Na and Cl as it is to water. Indeed, Na 
and Cl appear very rapidly in the peritoneal dialysate after colloid dis- 

solved in water has been injected. 
‘The few measurements of serum and dialysate freezing points in Table 1 
are sufficient to show that there was no increase in total osmotic pressure 
after injection of colloid. 


Depletion (g/100 g initial body weight) 


Solid gum acacia injected (g/100 g initial’ body weight) 


Fig. 2. Accumulation of ascitic fluid at 6 hr after various: doses of gum acacia. 
Drinking was allowed. O, Normal rats, gum acacia dissolved in water; ©, normal 
rats, gum acacia dissolved in 0-9 % NaCl; @, nephrectomized rats, gum acacia dis- 
solved in water; @, nephrectomized rats, gum acacia dissolved in 0-9% NaCl. © 


The effect of body fluid depletion without increase in. osmotic pressure 
on drinking and urine output of normal rats 
The effects of intraperitoneal hyperoncotic solutions and dialysing sacs 
on the amount of water drunk, net fluid intake and urine volume are ae 
as mean values in Table 2 and the individual results are plotted in Fig. 3 
Experimental animals generally drank more water and excreted less urine 
than the controls. 
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The rates of drinking in some depletion experiments and after intra- 
peritoneal injection of 2m sodium chloride are compared in Fig. 4. The 
animals injected with sodium chloride, which were treated in exactly the 
same way as the animals injected with colloid, started to drink as soon as 
they recovered from the anaesthetic and 30 min after the injection they 
had drunk appreciable quantities of water. On the other hand, none of the 
animals treated with colloid had started to drink at this time. Another 
difference was that urine volumes after hypertonic sodium chloride were 


- Water drunk (g/100 g initial body weight) 
fo) 


Depletion (g/100 g initial body weight) 
Fig. 3. (a) The amount of water drunk, (b) the net fluid intake and (c) the urine 
output of normal rats plotted against body fluid depletion. Each point is one 
observation, except the controls which are mean values +s,D. with the number of 
observations in parentheses. @, 1-4—2-1 g gum acacia/100 g body wt. in 50% solu- 
tion in 0-9% NaCl and sham 1.P. injection control; O, 0-69-1-69 g gum acacia/ 
100 g body wt. in 25 and 50% solution in water; A, 0-47—0-86 g polyvinyl pyrro- 
lidone/100 g body wt. in 50% solution in water; 7, 0-35—0-82 g polyethylene glycol 


/100 g body wt..in 50% solution in water; ™, dialysing sac depletion and dialysing 
sac control. | 
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considerably greater than after doses of colloid which caused approxi- 
mately the same amount of drinking (Fig. 4). 

Another method of causing acute isotonic depletion of body fluid is to 
bleed the animal. The disadvantage of this method is that only small 
quantities of extracellular fluid can be removed without causing severe | 
acute anaemia and haemorrhagic shock. Nevertheless, it was found that 
removal of rather more than } the initial blood volume did not obviously 
alter the activity of the animals but did cause increased drinking (Table 3). 
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Figs. 36, c. For legend see opposite page. 
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Time from start of experiment (hr) 
Fig. 4. Rates of drinking after intraperitoneal injection of gum acacia Melibved: in 
water causing depletions of 2-7, 4-8 and 6-1 g/100 g initial body weight (@), and 
intraperitoneal injections of 2-m-NaCl causing increases of 3-4, 5-2 and 12:2% of 
the initial osmotic pressure ( x ); number of animals in parentheses. Urine pepet 
is on the right. 


TaBLE 3. The effect of acute haemorrhage on drinking and urine output 
of normal rats 


Water drunk Net fluidintake Amount of blood Urine (g/100¢ 


(ml./100 (g/100g initial removed (g/100g —_initial 
Procedure initial body wt.) body wt.) initial body wt.) body wt.) 
Sham-bled 0-59+0-15 (5)*  —1-85+0-16 0 0-81+0-16 
Bled +0-58 (12) — 0-09 + 0-33 range 1-7-—3-6 1-72 + 0-33 
mean 2°81 


* Mean values +8.E. of mean with the number of observations in parentheses. 


The effect of body fluid depletion without increase in osmotic pressure 
on drinking by nephrectomized rats 
Similar experiments were carried out on nephrectomized rats to test 
whether drinking during the depletion experiments might be secondary to 


a renal response to the depletion. The results are given in Tables 4 and 5. 
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The amount of water drunk and net fluid intake of all nephrectomized 
animals after the various procedures except bleeding are plotted against 
depletion in Fig. 5. The results were the same as for normal animals: the 
treated nephrectomized animals drank more than the controls. 


| TaBie 4. The effect of depleting body fluid without increasing osmotic 


pressure on drinking by nephrectomized rats 


Depletion 
Water drunk Net fluid intake (g/100 g initial 
3 (ml./100 g (g/100 g body wt.) 
Procedure initial body wt.) initial body wt.) range and meant 
Sham 1.P. injection _ 1-64 + 0-26 (20)* 0-33 + 0-16 0 
Gum acacia (g/100 g body wt.) . 
) 0-59-1-27 in 50 % soln. in H,O 4-71+0-77 (10) 3-5 +0-78 3°26-5-9 
4:7, 
0-3-2-4 in 50 % soln. in 0-9 % NaCl 6:12+ 0-53 (25) 5-02+0°5 1:99-9-5 
5°21 
Dialysing sac control 7 1-81 + 0°34 (12) 0-51 + 0-34 0 
Dialysing sac depletion 3-38 + 0-31 (16) 22740-3832 2-72-7-0 
396 


* Mean values +s.&. of mean with the number of observations in parentheses. 
+ Mean values in italics. 


‘TABLE 5. The effect of acute haemorrhage on drinking by 


nephrectomized rats 
Water drunk Net fluid intake Amount of blood 
(ml./100 g initial _ (g/100 g initial removed (g/100 g 
Procedure body wt.) body wt.) initial body wt.) 
Sham-bled 1-1 40-27 (12)* — 0-23 + 0-28 0 
Bled 2-53 + 0-36 (12) 1-24+ 0-34 range 2-5-3-4 


mean 2-97 
* Mean values +s.£. of mean with the number of observations in parentheses. 


DISCUSSION 


There is little evidence in the literature that changes in extracellular 
fluid volume, or some function of extracellular fluid volume other than 
) crystalloid concentration, can affect drinking directly. As recently as 1960 
. Holmes said: ‘In the loss of isotonic fluids there is equal loss of water and 

salt and a shock-like syndrome results; in this situation there is no thirst.’ 

Thirst accompanying diarrhoea is said to be well known (Strauss, 1958), 

but Strauss also refers to experiments (Nadal, Pedersen & Maddock, 1941) 

in which incipient circulatory collapse was produced in man by removal of 
} fluid by intestinal aspiration, yet the subjects did not complain of thirst. 
The postprandial consumption of water by dogs (Gregersen, 1932) is also 
often attributed to secretion of isotonic digestive juice. Another frequently 
quoted example of isotonic fluid loss, in which there is said to be thirst, is 
haemorrhage. However, Holmes & Montgomery (1951, 1953) have reported 
that blood donors never complain of thirst. They also found that bleeding 
a dog of up to 40 Zo of its blood volume did not cause spontaneous drinking, 
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Water drunk (g/100 g initial body weight) 


Net fluid intake (g/100 g initial body weight) 
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Fig. 5. (a) The amount of water drunk, and (b) the net fluid intake of nephrecto- 
mized rats plotted against body fluid depletion. Each point is one observation 


except the controls, which are mean values +s.D. with the number of observations _ 


in parentheses. @, Gum acacia, 0-3—2-4 g/100 g body wt. in 50% solution in 0-9% 


NaCl and sham 1.P. injection control; O, Gum acacia, 0-59-1-27 g/100 g body wt. in — 


50% solution in water; @, dialysing sac depletion and dialysing sac control. 
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_ nor did it alter the amount of water drunk by the dog in response to hyper- 
tonic sodium chloride. They concluded that thirst only occurred if there 
were more complicated changes than simple blood depletion. 

Salt depletion is a circumstance under which increased drinking of water 
is associated with a decrease in extracellular fluid volume. McCance (1936) . 
studied the effects of sodium depletion in three healthy human subjects. 
As sodium depletion progressed, two subjects complained of thirst, though 
one sometimes called it a funny sensation, and drank large quantities of 
water without relief. The third subject experienced a sensation described as 
an aberration or lack of taste and which was quite different from true 
thirst. Though the fall in extracellular fluid volume which occurs pari passu 
with the loss of sodium could be the drinking stimulus, the low sodium 
concentration itself may stimulate a rather ill defined salt drive or appetite 
which is sometimes mistakenly interpreted as need for water or thirst. 
The dramatic relief afforded by sodium chloride at the end of the experi- 
ment, which occurred before water was drunk, makes this explanation 
plausible. | | 

Sodium depletion in animals has also been shown to cause polydipsia. 
Holmes & Cizek (1951) found that dogs depleted of extracellular electro- 
lyte by sucrose diuresis and thereafter maintained on a low salt diet 
_ started to drink increasing quantities of water. In other experiments 
Cizek, Semple, Huang & Gregersen (1951) showed that depleting dogs of 
extracellular electrolyte by peritoneal dialysis with 5°% glucose caused 
polydipsia after a period of depression lasting a day or so. At first there 
was no shrinkage of volume, but later extracellular space and plasma 
volume decreased by 10-20%, while voluntary water intake doubled even 
- though the extracellular fluid was hypotonic and the intracellular fluid 
permanently expanded. Similar results were obtained on rabbits (Huang, 
1955). In an earlier study on dietary sodium deficiency in rats, Swanson, 
Timson & Frazier (1935) found polydipsia and polyuria, and this has been 
confirmed by Radford (1959). More acute depletion by peritoneal dialysis 
gave variable results (Semple, 1952) and subsequent water intake depended 
on food intake. Holmes (1960) has recently summarized the results of salt 
depletion experiments, saying that thirst does not occur in the acute phase 
of hyponatraemia, but polydipsia may develop in the chronie¢ phase. 

In the present experiments drinking occurred when an acute alteration 
in the distribution of body fluid was produced without increasing the 
crystalloid osmotic pressure. It seems that an acute fall in effective volume 
will cause drinking within an hour or so, without the delay of a day or more 
observed in salt-depletion experiments. Normal or nephrectomized ani- 
mals, depleted by various colloids dissolved in 0-9% sodium chloride or 
water, or depleted by dialysing sacs, or by bleeding, drank more than 
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- the controls. Table 1 shows that there was'no increase in osmotic pressure, 
which is the well established stimulus to drinking (Fitzsimons, 1961), and 
indeed the time course of drinking and urine output were not the same as 
after intraperitoneal injection of sodium chloride (Fig. 4). The sac experi- 
ments make it unlikely that drinking was due to a systemic effect of the 
colloid, although they do not entirely exclude the possible systemic effects 
of smaller molecules which pass through the sacs. This of course would not 
explain the effects of bleeding. The fact that nephrectomized animals 
drank when they were depleted rules out the possibility that drinking was 
secondary to a renal response to the depletion. 

The mechanism of the drinking produced by isotonic sidliaine of body 
fluids is quite obscure. It may be related to salt appetite. McCance’s (1936) 
experiments suggest that the sensation aroused by salt deprivation is 
different from thirst. His results did not show whether the low serum 
sodium concentration or the accompanying fall in extracellular fluid 
volume was the drinking stimulus, though the immediate relief afforded by 
sodium chloride suggests the former. On the other hand, Denton & 
Sabine (1961) have shown that a sharp fall in plasma volume induced by 
sodium deficiency caused sheep to drink solutions of sodium salts in 
preference to water or potassium chloride solution, and that the preference 
did not depend on the plasma sodium concentration. Whether the sensa- 
tion experienced by the rats in the present experiments is the same is 
impossible to determine; the — fact is that it leads to drinking 
of water. 

SUMMARY 


1. Haemorrhage or peritoneal dialysis caused both normal and nephrec- 
tomized rats to drink more water than the controls. 7 

2. This is ascribed to a sensation akin to thirst produced by diminution 
in volume of the body fluids without increase in osmotic pressure. 
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TENSION CHANGES IN CRAYFISH STRETCH RECEPTORS 


By K. KRNJEVICG anv N. M. van GELDER* 


_ From the A.R.C. Institute of Animal Physiology, 
Babraham, Cambridge 


(Received 3 June 1961) 


Although much is Sin about various stretch receptors no bedeemietion 
seems to be available on their mechanical properties; yet these properties 
are often considered to be responsible for certain characteristics of the 
nervous response of the receptor to stretch (e.g. Matthews, 1931, 1933; 
Loewenstein, 1956; Finlayson & Lowenstein, 1958; Lippold, Nicholls & 
Redfearn, 1960; and many others). It therefore seemed of some interest 
to examine the stretch—tension relation of crayfish stretch receptors, which 
can be isolated and whose behaviour in many respects has already been 
analysed in great detail (Wiersma, Furshpan & Florey, 1953; Kuffler, 
1954; Kyzaguirre & Kuffler, 1955; Florey, 1956). A brief report of our 
results has already appeared (Krnjevié & van Gelder, 1960). 


METHODS 


All the stretch receptor organs were taken from specimens of Astacus fluviatilis (sub- 
variety torrentium). During the dissection the preparation was kept submerged in crayfish 
saline, and after isolation the receptor organs were transferred in a platinum spoon, together 
with a small volume of fluid, to the recording chamber. Inside the glass-bottomed Perspex 
chamber the receptors remained floating in saline (0-5-1 ml.) throughout the experiment. 
The saline was derived from van Harreveld’s (1936) well-known solution, and had the 
following composition (mm): Na+ 202, K+ 5-0, Ca?+ 9-4, Mg®+ 2-3; Cl- 220, and Tris acid 
maleate buffer 10-5; with a pH of 7-1—7-2. In some experiments 4-7 mm L-monosodium — 
glutamate was also present. 

Tension measurements. One end of the receptor bundles was held by the closed tips of a 
watch-maker’s fine forceps. The other end of one or both receptor organs was tied with 50 u 
silver wire to a fine glass hook attached to the movable anode of an RCA 5734 mechano- 
electric transducer. The forceps and the transducer were both mounted on a horizontal 
threaded shaft, and they could be separated in a predictable manner by rotating this shaft 
(Fig. 1). 

The stretch receptors are quite small; the slow- adapting organ, in particular, can have a 
diameter of 50 u. Their mechanical properties are apparently comparable with those of 
muscle in general, so that the total tension developed during stretch is in the order of only 
a few milligrams (cf. Kuffler, 1954). As the RCA 5734 transducers are very sensitive to 
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changes in temperature and in voltage supply, two were used differentially to minimize drift 
caused by these factors. 

The natural frequency of the transducer with the glass hook attached was in the order 
of 100 c/s, more than adequate to deal with the relatively slow changes of tension produced 
in these experiments. To calibrate recorded tensions accurately known weights were sus- 
pended from the glass hook of the transducer‘held at the appropriate angle. The output was 
linear over the relevant range of tensions. The compliance of the system was “— to 
displace the hook by 100 » required a force of 200 mg. 

Nerve impulses. The saline in the recording chamber was covered with a layer of liquid 
paraffin. The saline was earthed through an Ag-AgC! electrode covered with gauze or agar- 
agar. Afferent impulses from the nerve were recorded either in a monopolar fashion with 
one 50 yu silver wire on the nerve in the paraffin, or differentially with two such leads. 


Fig. I. Diagram of experimental set-up. One end of ouiptoe organ is tied to fine |, 
flass hook connected to movable anode of transducer valve. Recording silver leads 
are in contact with nerve branch containing axon of receptor neurone. 


Procedure 


In most cases, in order to reduce handling, the two receptor organs (fast- and slow- 
adapting) were first mounted together. When initial observations had been completed, the 
thicker bundle of the fast-adapting receptor was disconnected on one side or cut from the 
forceps and observations were repeated, while stretching only the thin bundle. In several 
cases one of the two organs (usually the thicker) was left untied from the beginning, so that 
only one exerted any appreciable tension. The two receptors are in very close relation to one 
another and so cannot be freed completely without great risk of damaging one or both. As 
has already been shown by Wiersma et al. (1953), even after cutting a bundle the corre- 
sponding receptor may be activated if the remaining bundle is stretched sufficiently (see 
below). Useful observations were made on sixteen isolated preparations, kept at room 
temperature (18-22° C). | 
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RESULTS. 
Changes in tension caused by stretching 
When a receptor organ is gradually pulled out, the tension initially rises 
only very slowly. Zero length was therefore a somewhat arbitrary length, 
determined partly by inspection with the microscope (showing that the 
resting folds had straightened out) and partly by evidence that the tension 


_was beginning to increase. Resting length in situ was not used for com- 


parison, since the length in situ varies considerably with the degree of 


Fig. 2. Tension changes produced by stretching slow-adapting receptor organ in 
steps of 0-1 mm up to a maximum of 1:8 mm; in bottom row, length was reduced 
in steps of 0-2 mm. Zero length was 2-7 mm. Sequence to the right of calibration 
lines shows abolition of tension when moderately stretched receptor was cut with 
scissors at end of experiment. 


abdominal flexion; in any case, the thinner bundle is not straight in situ, 
being attached at several points. In practice, the zero length was within _ 
the range of 1-3 mm. 

In Fig. 2 a complete sequence of tension changes is illustrated. The 
bundle was stretched in steps of 0-10 mm, up to a maximum extension of 
1-8 mm (i.e. an increase of 2/3 over the zero length). Several features are 
evident which were characteristic of all our observations. The tension did 
not increase linearly, but more and more steeply. At each increment in 
length there was a tendency for the tension to reach a peak that was not 
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maintained: this was seen especially clearly when the stretching exceeded 
1 mm. The tension fell away from its peak value at first rapidly and then 
more slowly. 

On reducing the length of the stretched bundle the tension falls suddenly, 
although it may creep up again somewhat before the next step down, as 
is shown in Figs. 2, 5 and 9. This phenomenon of a creeping up of tension 
was always much less evident than the corresponding creeping down during 
stretching. 


The tensions measured in these experiments were so small that appreciable changes in 


‘tension were sometimes produced with no tissue attached, presumably by the surface 


tension of films of water between the forceps and the glass hook. For this reason controls 
were performed regularly, such as the demonstration at the end of the experiment that 
cutting the bundle abolished the tension and then repeating sequences of stretch and 
relaxation. A control cut is shown at the end of Fig. 2. It is clear that the tension produced 
by a moderate stretch of the same bundle disappeared when the bundle was cut. Although 
an appreciable amount of tension could sometimes be produced spuriously, at its greatest 
this amounted to only 14 % of the tension developed by stretching a bundle in the same 


experiment. 


From traces like those in Fig. 2 plots were made of tension against 


stretch. In fifteen cases the plots gave rather similar curves, concave 


upwards and showing nearly always a distinct though variable hysteresis 
(e.g. Figs. 4, 7 and 10). There was no qualitative difference between obser- 
vations made while stretching both receptors simultaneously or either 
independently. For instance, in Fig. 3 curves are shown of the tension 
changes caused by first stretching both bundles (open circles) and then 
stretching the thin bundle only (after cutting the thicker one). The thicker 
bundle is much larger than the thin one but its fibrils are usually folded 
rather loosely, so that although it is much thicker it seldom contributed as 
much as 50% to the total tension when both were pulled together. 

It is clear that the receptors did not obey Hooke’s law. They behaved, 
in fact, very much like many other tissues (e.g. Stacy, 1957) and like 
vertebrate muscle fibres in particular (Ramsey & Street, 1940; Buchthal, 
1942; Buchthal & Rosenfalck, 1957). | 

The receptor organs could be stretched by about 100% of the initial 


length without any obvious damage, although inspection of curves 


suggested that there was some irreversible loss of resistance to extension 
if the length was increased by much more than 50 Yo as in the case of 
musele fibres (Buchthal, 1942). 

The extent to which a dynamic phase (overshoot) of tension was observed 
depended on the rate of stretching. At the fastest rate of stretching that 
could be managed conveniently (0-4 mm/sec) the peak tensions exceed the 
plateau very substantially. Hence, if a series of such quick stretches is 
compared with a sequence of very slow stretching (at 0-01 mm/sec) a 
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marked excess of tension is immediately evident (Fig. 4, A and B). It can 
also be seen that the very slow stretching prevented the appearance of any 
pronounced hysteresis (in Fig. 4B). 

Although the amount of overshoot of tension during the dynamic phase 
was related to the rate of stretching, for a given rate of stretching the over- 
shoot was an approximately constant fraction of the final increment of 
plateau tension (Table 1). Hence, in general, the greater the increase in 
tension, the — was the corresponding overshoot. 


Tension (mg) 


1:0 


O02 04 06 10 1:2 1:4 16 18 20 
Stretch (mm) 
¥ig. 3. Stretch—tension relation of (a) fast and slow-adapting receptor organs 
together (O—O), and (6) slow-adapting receptor organ after cutting fast-adapting 
one (@—®). 


The tensions developed by various receptors at a given stretch differed 
considerably, owing at least partly to differences in zero length and varia- 
tions in the thickness of individual organs. This could not be assessed with 
accuracy, since the receptors did not have a constant thickness and shape 


at different points along their length. The tension developed by a 1-0 mm 


stretch varied by a factor of nearly 30 in a series of twelve different trials 
with slow-adapting receptors: the mean tension was 1-8 mg, with a range 
of 0:3-8-5 mg. Four trials with fast-adapting receptors gave a mean 
tension of 1-1 mg (range 0-8—1-5 mg) at a stretch of 1-0 mm. » : 
There was somewhat less variation between the rates of change of tension 
(dF) with increasing stretch (dl) in different preparations. In Table 2 are 
given representative values of di'/di at 4 degrees of extension, for three 
slow-adapting and two fast-adapting receptors. 
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As the receptors did not obey Hooke’s law, it is not possible to calculate 
an elastic modulus that will describe the elastic properties over more than 
a limited range. Nevertheless, it may be of some interest to compare the 
elastic modulus in a given range with values obtained for ordinary muscle. 
The principal source of inaccuracy is due to some uncertainty about the 
cross-sectional area. In the present calculations it is assumed that the 
receptors were circular in cross-section. Five slow-adapting receptors, 
measured as accurately as possible with a magnification of 80 times, had 
diameters within the range 30-50 . Values of the elastic modulus (Z) were 
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Fig. 4. Stretch-tension relation of slow-adapting receptor organ when stretched in 
steps, A, at relatively quick rate of 0-4 mm/sec, and B at slow rate of 0-01 mm/sec. 


TABLE 1. Ratios of maximal change in tension (measured at peak) to final change (measured 
during plateau at a fixed time after peak). ‘Receptor organs were all stretched in steps at 
approximately sarne rate (about 0-1 mm/sec). In each column values: are in order of in- 
creasing stretch. Note that A, E and F were slow-adapting receptors, B, C and D fast- 
adapting 


A B C D E F 
1-5 1-0 3-0 2-0 2-0 2-0 
1:25 1-2 4-0 15 3-0 1-5 
1-4 1-8 1-6 3-0 2-0) 1:5 
15 2-1 2-0 2-0 2-0 2-0 
— 1-5 4-0 2-0 2-0 2-0 
1-6 2-2 2-0 15 1-8 
3-0 2-0 12 2-5 
1:7 1:8 2-3 
Mean 1-4 1-5 28 2-0 1-9 1-9 
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thus calculated for the three slow-adapting receptors A, B and 0 (cf. 
Table 2), by means of the given values of dF'/dl for a stretch of 0-5 mm and 
1-5 mm respectively, and equation 1: 


where / is the total length, and r the bundle radius at zero length corrected 
to allow for a reduction in cross-sectional area during stretch (assuming 
that the bundle volume remains constant). The calculated values of E at 
0-5 mm (i.e. in the region 120-130 % of zero length) are 0-7—7-0 x 10® dyn/ 
cem?, They agree fairly well with values of # for resting frog muscle given 


in the literature (e.g. 0-98 x 10° (W6hlisch, 1932); 2-5 x 10® (Sichel, 1934); 


0-5 x 10° (Buchthal, 1942), all in dyn/cm?). 

For a greater stretch of 1-5 mm (in the region 170-180 % of zero length) 
the slopes of d¥'/dl were much steeper and the respective values of H 
correspondingly larger, 7-6—57 dyn/cm. 

TABLE 2. Changes of tension per unit stretch (dF/dl) at different degrees of extension: 


values were calculated from tangents to curves such as those in Figs. 3, 4, 5 and 10. Receptors 
A, B and C were slow-adapting, D and E fast-adapting 


1 (mm) 0-5 1-0 1-5 2-0 
A 0-35 0-6 2-0 — 
B 3°5 5:5 8-0 — 
C 3°5 7-0 15 28 
D 1-0 1-5 2-5 7-0 
E 1-5 2-5 6-0 45 


Properties of slow- and fast-adapting receptors 
The data already presented show that there is little qualitative or even 
quantitative difference between the thin (slow-adapting) and thick (fast- 
adapting) receptor bundles, at least in so far as their more obvious 


_ mechanical properties are concerned. The curves of tension against stretch 


are much the same (compare Figs. 3 and 10); and values of the tension 
(see above) and of dF/dl at different degrees of extension (Table 2) are well 
within the same range for the other type of receptor. However, since the 
fast-adapting receptors are much thicker, it follows that they must have a 
much lower coefficient of elasticity. In fact, the values of Z calculated as 
above for the two fast-adapting receptors in Table 2 (D, FZ) are 0-14 and 
0-21 x 106 dyn/cm? at a stretch of 0-5 mm, and 0-68 and 1-6 x 10¢ dyn/cm? 
at a stretch of 1-5 mm respectively. These values are consistently less 
than the corresponding values of for the slow-adapting receptors already 


given. 


One other feature should perhaps be mentioned. The dynamic phases of 
tension change were sometimes more pronounced when stretching the 
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thicker bundles than the thinner. In other words, the tension tended to 
fall off from the peak to a greater relative extent. This is noticeable in some 
of the figures given in Table 1. However, as can also be seen in Table 1, 
there was & good deal of overlap between the two groups, and it is not at all 
certain that this is a systematic difference. 


Relation between sirsioh and nerve discharge 


It is of some interest to know whether the observed acceleration in the 
discharge is related to the change in length or to the change in tension. 

Slow-adapting receptors. Parts of a typical sequence of changes in rate of 
firing and tension during stretching in steps are shown in Fig. 5. Individual 
steps during stretch or release can also be seen enlarged in Fig. 6. Exami- 
nation reveals a certain correspondence between the discharge and the 
tension, both showing at each step a dynamic phase which was not main- 
tained. If we plot. values of tension and of the firing frequency (during the 
relatively steady plateaus) against stretch, curves are obtained similar to 
those in the lower half of Fig. 7. They show that, like the tension, the firing 
rate increases progressively faster with increasing stretch. The general 
resemblance between such curves suggests that the tension and the firing 
rate may be simply related to each other. This is found to.be the case if 
firing rate is plotted against the measured tension for the same receptor, as 
in the upper half of Fig. 7. 

When the receptors were stretched very slowly, there was no overshoot 
of tension and the firing rate also had no dynamic phase, but there was a 
slow decline in the frequency of firing over several minutes; thus the re- 
ceptors as a rule do show some slow-adaptation. Measurements of plateau 
tension and of the corresponding firing rate at different lengths during 
release also fell about the same straight line usually, except when the 
fully stretched state was maintained for several minutes, since the fre- 
quency of discharge declined more quickly than the usual creeping down 
of tension. 

The slopes of firing against tension varied considerably in different 
experiments. The full range of ten estimates was 2-35 impulses/sec/mg. 
Receptors with a low elastic modulus tended to give a relatively steep 
relation between firing and tension. For instance, receptor A from Table 2, 
with low values of dF'/dl, increased its rate of firing by 13 impulses/sec for 
every milligram increase in tension, whereas receptor C, with nes values 
of dF'/dl, accelerated by only 2-5 impulses/sec/mg. _ 

The receptor whose behaviour is illustrated in Fig. 8 was an salenhaading 
example of the fact that, even after cutting a slow-adapting receptor 
bundle, its neurone may be caused to fire by stretching sufficiently the 
remaining fast-adapting receptor bundle (because of interconnecting 
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Fig. 5. Impulses in slow-adapting receptor axon and tension exerted by same 


receptor organ while being stretched in steps of 0-1 mm up to a maximum of 2-2 mm. | 


Length was then reduced in steps of 0-1 mm. Only parts of complete sequence are 
illustrated. Zero length was 2-1 mm. Spikes had an amplitude of 200 pV. 


Fig. 6. Magnified traces showing tension and impulses, in A and B during stretch 
of 0-1 mm, in C during release by 0-1 mm. Traces have been retouched. | 
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strands of tissue in the region of the neurones, as shown by Wiersma et al. 
1953). However, this is evidently an inefficient method of activating the 
neurone; hence the very moderate inclination of the lower straight line 
in Fig. 8 corresponding to a change in frequency of only 0-25 impulse/ 
sec/mg, i.e. only 1/10th of the lowest value observed in other receptors. 
_ Presumably not more than 1/10th of the tension developed in the thicker 
bundle is transmitted to the slow-adapting neurone via the connecting 
strands. 

20r 
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Fig. 7. Above: @, relation between discharge of receptor and tension during 
plateau of tension after each increment in length; x, corresponding relation for 
peak values of dynamic phase of tension. Below: @, relation between tension and 
stretch of slow-adapting receptor organ; ©, relation between receptor discharge 
and stretch. 


It therefore seems that over short periods of time the rate of discharge 
of the slow-adapting receptor may be determined principally by the 
tension in the receptor organ. The correspondence in time: between the 
dynamic phases of tension and firing might suggest that the same simple 
relation holds throughout. But if one plots the peak firing rate against 
_ the peak tension one finds that, though the two variables are again related . 

linearly, in the majority of cases the slope is substantially steeper (cf. 
- the two sets of straight lines in Figs. 7 and 9). 
Fast-adapting receptors. A typical sequence of changes in firing and 


tension while stretching in steps of 0-1 mm is shown in Fig. 9. As already 
21 Physiol, 159 
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stated, the tension changes were not grossly different from those seen with 
slow-adapting receptors (see also Fig. 10). But the discharge adapted 
much more rapidly, so that it usually ceased altogether within a number of 
seconds. On the other hand, if the peak rate of discharge was plotted 
against the peak tension a linear relation was again found (Fig. 10); in 
three experiments the slopes had values of 3—5 impulses/sec/mg, near the 


lower end of the observed range for slow-adapting receptors. 


Impulses/sec 


3 2 4 8 10 12 14 
Tension (mg) 
Fig. 8. Changes in firing rate of slow-adapting receptor. canned. by tension changes in 
adjacent fast-adapting receptor, transmitted via int trands. @, values 
obtained during plateau after each recht, O, values at peak of dynamic phase of 
tension. 
DISCUSSION 


It is not surprising that the stretch receptors should have mechanical 
properties very similar to those of muscle, since somewhat modified muscle 
makes up the bulk of the receptor bundle (Alexandrowicz, 1951; Florey & 
Florey, 1955). Like muscle, therefore, the receptors behave in a manner 
characteristic of bodies with both damped and undamped elements. In 
this respect the slow- and fast-adapting receptors are qualitatively very 
similar. However, unlike the slow-adapting receptors, the fast-adapting 


organs have a substantially smaller resistance to stretching, with a smaller 


elastic modulus than is common for muscle. 

From equation (1) it can be seen that the change in length needed to 
produce a given change in tension per unit area of cross-section is pro- 
portional to 1/H. The length of the fast-adapting receptor in situ is about 
20 % greater than that of the slow-adapting receptor. If one takes a repre- 
sentative figure of 1/10 for its elastic modulus, the fast-adapting receptor 
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Fig. 9. Traces showing changes in firing and tension during stretch of a fast- 


adapting receptor organ in steps of 0-1 mm up to a maximum of 2-3 mm. Length 
was then reduced in three steps of 0-1 mm and four further steps of 0-5 mm. Zero 
length was 2-0 mm. Spikes had an amplitude of 120 pV. 
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Fig. 10. Closed and open circles indicate tension exerted by fast-adapting re- 
ceptor organ during stretch and relaxation in steps. Straight line through squares 
gives relation between discharge of receptor and tension at peak of dynamic phase. 
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would require an elongation twelve times greater to produce a given change 
in tension per unit area. The great difference between the amounts of 
extension needed to excite the two types of receptors in situ (cf. Wiersma 
et al. 1953; Florey & Florey, 1955) may be caused largely by their different 
mechanical properties. Some differences in neuronal characteristics, such 
as the electrical threshold (cf. Eyzaguirre & Kuffler, 1955) or the orientation 
of dendrites (Florey & Florey, 1955) may, of course, also play a part. 
The different rates of adaptation of the fast and slow receptors cannot 
easily be ascribed to their mechanical properties: the slight tendency of 
the tension of fast-adapting receptors to fall more rapidly does not seem 
either sufficiently pronounced or regular in its occurrence (Table 1) to 
account entirely for the consistently quicker rate of adaptation. In other 
experiments (unpublished observations) we have found that the rates of 
adaptation of individual receptors to d.c. polarization are rather similar 
to the rates of adaptation observed after stretching. Moreover, we have 
also found that under the influence of certain drugs (which do not alter the 
mechanical properties) fast-adapting receptors may become slow-adapting. 
It seems that the principal factor in determining the rates of adaptation 
of the two kinds of receptors must be the electrical — of the 
respective neurones. 


Relation between tension and firing 


Our observations have shown remarkably consistently a linear relation 
between the tension exerted by the receptor when stretched, and the rate 
of discharge. We have here a receptor which clearly does not provide a 
logarithmic-to-linear transformation of signals in keeping with Fechner’s 
law. (If firing is plotted against length, a linear relation might conceivably 
be found between the logarithm of the discharge rate and the length, but 
certainly not the reverse.) As stretch-receptor mechanisms have proved in 
general to be remarkably similar in a wide variety of living forms, it would 
be surprising if they differed very radically in this respect. One cannot help 
- wondering whether the linear relation observed between the logarithm 
of the load and the discharge frequency of stretch receptors in vertebrate 
muscle (e.g. Matthews, 1931, 1933; Fessard & Sand, 1937) is really a 
property of the actual receptors ; when a large muscle is stretched by a given 
load, much the greatest part of the tension is exerted by the bulk of the 
muscle, and this tension may not be simply related to the tension in indi- 
_ vidual receptors. 

Our results are consistent with the linear relation observed between cat 
muscle length and spindle discharge rate by Eldred, Granit & Merton 
(1953). In their experiments the muscle was extended by not more than 
25% of its resting length. The authors point out that within this range an 
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indistinguishable result would be achieved if spindle frequency were pro- 
portional to the logarithm of the length. The converse is also true: within - 
this range the results would probably be similar if the logarithm of the 
discharge were proportional to the length. For instance, in Fig. 7 the 


' relation between extension and firing rate is approximately linear up to 


0-7 mm (this is equivalent to a 30 % change in length). The lack of linearity 
between firing rate and extension is shown clearly in the experiments of 
Eldred et al. (1953) after de-afferentation (in their Figs. 2 and 3), when 


the spindle was allowed to discharge over a much greater range of frequency. 


According to Florey & Florey (1955) the dendrites of the receptor 
neurones ramify extensively within the central region of the receptor 
organ over a length which may be as much as 0-5 mm. Since the muscular 
component does not extend continuously through the central part of the 
receptor (Alexandrowicz, 1958) the load on the dendrites cannot be re- 
duced by parallel contraction of the muscle. Kuffler (1954) thus found that 
excitation of the efferent nerves to the muscle did not produce a silent 
period in the afferent discharge. Contraction of the muscle always caused 
an acceleration of neuronal firing, and he concluded that the dendrites 
were effectively in series with the muscular component. Changes in bundle 
tension, therefore, should be transmitted directly to the dendrites, and in 
the steady state the load on the dendrites should bear a simple relation to 
the tension exerted by the whole receptor organ. The linear relation between 
the rate of discharge and the tension suggests that the decisive stimulus is 
the tension exerted on the dendrites: It is of interest that the generator 
potential is apparently also simply related to the final rate of discharge 
(Burkhardt, 1959). | 

However, if the viscous properties of the dendrites differ from those of 
the rest of the bundle, the tension changes in the dendrites during a quick 
extension will be correspondingly greater or smaller than the tension 
Phanges in the bundle as a whole. It is likely that the steeper relation 
between firing and receptor tension during the dynamic phase is due to 
greater viscosity of the dendrites. (A similar explanation was put forward 
by Matthews (1933) to aecount for the dynamic phase of discharge of the 
vertebrate muscle spindle.) ae 

The possibility that stretch causes a temporary depolarization by in- 
creasing the membrane capacity of the dendrites (cf. Katz, 1950) seems 
unlikely in our experiments, in which the rate of stretching was relatively 
slow compared with the probable electrical time constant of the membrane. 
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SUMMARY 


1.. When isolated abdominal stretch receptors of the crayfish ios 
fluviatilis) are stretched in steps, and then released, the changes in tension 
are not linear, and they show marked hysteresis, as in ordinary muscle. 

2. The two kinds of receptors have similar mechanical properties, but 
the fast-adapting organ has a lower coefficient of elasticity, and so needs a 
greater degree of extension to produce a given change in tension per unit 
area. This may account for its high threshold. 

3. The steady rate of discharge of the slow-adapting receptor is a linear, 
and not a logarithmic, function of the tension exerted by the receptor. The 
peak of discharge of the fast-adapting receptor is also linearly related to the 
tension. 

4. Immediately after stretching both the tension and the discharge 
show a dynamic phase (or overshoot), which can be ascribed to viscous 
elements in the receptor organ. 3 

5. The quicker adaptation of the fast- adapting receptor is probably 
not a consequence of its mechanical properties. 


REFERENCES 


ALEXANDROWICZ, J. 8. (1951). Muscle receptor organs in the abdomen of Homarus vulgaris 
and Palinurus vulgaris. Quart. J. micr. Sci. 92, 163-199. 

ALEXANDROWICzZ, J. 8. (1958). Further observations on proprioceptors in Crustacea and a 
hypothesis about their function. J. Mar. biol. Ass. U.K. 37, 379-396. 

Bucutuat, F, (1942). The mechanical properties of the single striated muscle fibre at rest 
and during contraction and their structural interpretation. K. danghe vidensk. Selsk. 17, 
1-140. 

Bucuruat, F, & Rosenratck, P. (1957). Elastic properties of striated muscle, in Tissue 
Elasticity, ed. Remineton, J. W. Washin ington: American Physiological Society. 

BuRKHARDT, D. (1959). Die Erregungsvorginge sensibler Ganglienzellen in 
von der Temperatur. Biol, Zbl. 78, 22-62. 

ELDRED, E., Granit, R. & Merton, P. E. pee § Supraspinal control of the muscle spindles 
and its significance. J. Physiol. 122, 498-52 

. Eyzacurere, C. & Kurrier, 8. W. (1955). Processes of excitation in the dendrites and in the 

soma * single isolated sensory nerve cells of lobster and crayfish. J. gen. Physiol. 39, 

87-11 


Fessarp, A. & Sanp, A. (1937). Stretch receptors in the muscles of fishes. J. exp. Biol. 
14, 383-404. 


Frxtayson, L. H. & Lowensrery, O. (1958). The structure and function of abdominal 
stretch receptors in insects. Proc. Roy. Soc. B, 148, 4 49, 
Fiorey, E. (1956). Adaptati in den sensiblen Neuronen des Stretch- 


receptoren des Flusskrebs. Z. N aturf. 11b, 504-513. 


Fiorey, E. & Frorey, E. ( ey Microanatomy of the abdominal stretch receptors of the 
crayfish (Astacus fluviatilis). J. gen. Physiol. 39, 69-85. 


Karz, B. (1950). Depolarization of sensory terminals and the initiation of impulses in the 


muscle spindle. J. Physiol. 111, 261-282. 


KrnJevid, K. & van Getper, N. (1960). The effects of stretch on the tension and rate of 
discharge of crayfish stretch receptors. J. Physiol. 154, 27 P. 


Kur 
lo 
| LOE 
MA 
3 SICH 
Srac 
VAN 
(19 
Re 
| Kre 
bet 
alse 
in 
. ne 
the 
| 


TENSION CHANGES IN STRETCH RECEPTORS 325 


KurF ier, 8, W. (1954). Mechanisms of activation and motor control of stretch receptors in 
lobster and crayfish. J. Newrophysiol. 17, 558-574. 


LipoLp, O. C. J., Nicnorts, J. G. & Reprearn, J. W.T. (1960). Electrical and mechanical 
factors in the adaptation of a mammalian muscle spindle. J. Physiol. 153, 209-217. 

LoEWENSTEIN, W. R. (1956). Excitation and changes in adaptation by stretch of mechano- 
receptors. J. Physiol. 133, 588-602. 

Matruews, B. H. C. (1931). The response of a single end organ. J. Physiol. 71, 64-110. 

Matruews, B. H. C. (1933). Nerve endings in mammalian muscle. J. Physiol. 78, 1-53. 

Ramsey, R. W. & Street, 8. F. (1940). The isometric length-tension diagram of isolated 
skeletal muscle fibres of the frog. J. cell. comp. Physiol. 15, 11-34. | 

Stone, F. J. M. (1934). The elasticity of isolated resting skeletal muscle fibres. J. cell. 
comp. Physiol. 5, 21-42. 

Sracy, R. W. (1957). Reaction rate kinetics and some tissue mechanical properties, in 
Tissue Elasticity, ed. Remineton, J. W. Washington: American Physiological Society. 

vaN HARREVELD, A. (1936). A physiological solution for freshwater crustaceans. Proc. 
Soc. exp. Biol., N.Y., 34, 428-432. 

Wiersma, C. A. G., Fursupan, E. & Fiorey, E. (1953). Physiological and pharmacological 
observations on muscle receptor organs of the crayfish, Cambarus Clarkiit Girard. J. 
exp. Biol. 30, 136-150. 

Wouuisen, E, (1932). Die thermischen Eigenschaften der faserigstrukturtierten Gebilde 
des tierischen Bew gsa ates. Hrgeb. Physiol. 34, 406-493. 


o 


Note added in proof. In a recent paper L. Wendler & D. Burkhardt 
(1961; Zeitlich abklingende Vorgiinge in der Wirkungskette zwischen 
Reiz und Erregung (Versuche an abdominalen Streckreceptoren dekapoder 
Krebse). Z. Naturf. 16b, 464-469) describe measurements of the relation 
between the discharge and the tension of crayfish stretch receptors and 
also some effects of electrical polarization. Although their observations 
in general agree with ours, they conclude that adaptation of the receptor 
neurone is partly responsible for the decay of activity after the peak of 
the dynamic phase of discharge. 
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THE RELATIONSHIP BETWEEN SACCADIC AND SMOOTH 
TRACKING EYE MOVEMENTS 


| By C. RASHBASS 
From the Institute of Psychiatry, Maudsley Hospital, London, S.E.5 


_ (Received 8 June 1961) 


Dodge (1903) gave the first comprehensive description of the types of 
eye movement which can occur. Since that time there has been repeated 
confirmation that when the eyes follow moving objects they make two 
types of movement: jerky movements, called saccadic movements, and 
smooth movements in the intervals between these. Westheimer (1954a, b) 
has analysed the saccadic movements and shown them to be the response 
to simultaneous rapid changes in innervation to the eye muscles involved. 
The nature of the movement is determined largely by the mechanical 
_ properties of the structures in the orbit. 

The smooth movements have been described by several workers. Dodge, 
Travis & Fox (1930) investigated the movements obtained when tracking 
black and white vertical bars: moving horizontally across the visual 
field—opto-kinetic nystagmus—in man, and also the response to a ‘slit’ 
of light moving from side to side with simple harmonic motion; Rademaker 
& Ter Braak (1948) described opto-kinetic nystagmus in rabbits; West- 
heimer (19546) investigated the response to the horizontal movement of a 
single spot of light with uniform velocity, harmonic motion, random motion, 
and with uniform velocity exposed intermittently. 

There are three questions which have not been satisfactorily answered 
by these investigations on tracking movements. First, what decides 
whether the eyes should perform a saccadic movement or a smooth move- 
ment? Secondly, in what way are smooth movements metrically related 
to the movement of the target? Thirdly, are saccadic’ movements and 
smooth tracking movements different modes of action of the same neuro- 
logical apparatus, or are different pathways involved? 

What decides whether the eyes should perform a saccadic movement or 
a smooth movement? There is abundant evidence that when the target is 
stationary and does not lie in the line of sight, fixation is achieved by one 
or more saccadic movements. Smooth movements are only elicited when 
the image of the target moves smoothly over the retina. The association 
_ between the movement of the image over the retina and smooth tracking 
eye movements has led to the assertion (e.g. Walsh, 1957) that the move- 
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ment of the image is the stimulus which evokes smooth tracking, although 
the evidence is insufficient to justify this conclusion. The evidence available 
is equally compatible with the view that both saccadic and smooth move- 
ments are caused by positional errors in fixation, but that smooth move- 
ments occur only when there is no discontinuity in the position of the 
target. Evidence will be presented here that it is indeed the movement of 
the image over the retina which is detected and measured, and results in a 
smooth tracking response. 

In what way are smooth eye movements metrically related to the move- 
ment of the target? Dodge et al. (1930) have shown that the maximum 
speed of movement of the target which can be adequately tracked is about 
30-40°/sec. This has been confirmed by Westheimer. However, no detailed 
observations have been reported which relate the way in which the final 
tracking speed is reached from an initial state of rest, to the speed of the 
target. It will be shown here that the speed of the target determines the 
rate at which the final tracking speed is reached. Such observations are of 
importance because they throw light on the way in which information 
about how the target moves is utilized to produce an appropriate 
response. 

Are saccadic movements and smooth tracking movements different 
modes of action of the same neurological apparatus, or not? The pathways 
involved in fixation and tracking have not been successfully identified. It 
is not clear whether the cortex is necessarily involved in these movements. 
Stimulation and ablation experiments reported in the literature have given 
conflicting results, and the nature of the movements is rarely reported. 
The possibility exists that some information can be gleaned from the way 
drugs influence tracking responses. It will be shown that saccadic and 
smooth movements may be differentially affected by drugs. 

This paper presents a re-examination of the eye-movement responses to 
horizontally moving — with esceanumie emphasis on these three 
questions. 


METHODS 


The details of the method of recording eye movements have been reported elsewhere 
(Rashbass, 1960). The technique is essentially photo-electric, and has a precision of about 

5’ and a time of response of 5 msec. The apparatus was calibrated by the repeated fixation of 
a series of five points separated by intervals of 1°. 

The subject sits in a totally darkened room. The position of the head is fixed by a moulded 
bite-bar, a moulded forehead rest, and a firm rubber bar behind the occiput. The left eye is 
covered, and both the viewing and recording are carried out with the right eye. The tracking 
target is a sharply defined spot, 1 mm diameter, on the face of a 5” cathode-ray tube, placed 
1 or 2 m away from the subject. The phosphor is blue with negligible persistence. All move- 
ments of the target are effected silently and without warning. The experiments were per- 
formed on four young emmetropic subjects. 
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RESULTS 


Experiment 1. The spot at which the subject was looking was moved 
suddenly to anew position horizontally displaced from the original position. 
The magnitude (0-1—5-0°) and direction of the movement were varied irregu- 
larly. The results confirm previous observations that each change in the tar- 
get position is followed after a reaction time of 150-250 msec by a saccadic 
movement which directs the eyes towards the new position of the target. 
This saccadic movement generally matches the target movement to within 
0-2°, but occasionally it does not, in which case it is followed after another 
reaction time by a further saccadic movement. In some subjects there may 
be three or four saccadic movements, each separated from the previous one 


Fig. 1. Successive records of horizontal eye direction after the sudden displace - 
ment of the target near threshold. The upper record shows a saccadic response to a 
target movement of 0-4°; the lower record no response to a target movement of 
0-3°. At the moment the target spot moves a displacement is imparted to the 
record equal in size to the displacement of the target. This displacement can be seen 

_ at the left-hand end of the records. 


by approximately one reaction time, before the final fixation position is 
reached. Thereafter small saccadic movements occur around the point of 
fixation, but the pauses between these are usually much longer than a re- 
action time. Occasionally these spontaneous saccadic movements occur 
in trains of two or three with only a short interval (100-150 msec) between 
the movements. | 

An observation made in the course of these experiments, which has not 
been reported previously in the literature, is that there is a threshold. tar- 
get displacement. Target displacements smaller than this produce no res- 
ponding saccadic movement. This threshold is about 0-25-0-5° in size. 
Figure 1 shows a normal saccadic response to a target movement of 0-4°, 
and no response to a target movement of 0°3°. This does not mean that 
movements smaller than 0-25° cannot occur, for such small movements 
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frequently occur spontaneously. This suggests that the threshold is 
associated with the sensory aspects of the response, rather than with the 
motor characteristics. 

Experiment 2. The spot which the subject was fixating was made to 
move horizontally with uniform velocity from an initially stationary 
position. The direction and magnitude of the velocity of the movement 
_ were varied irregularly. The movements of the eye were recorded during the 

first second or so of the target’s movement. In general the eye movements 
consisted of a smooth component in the direction of the target’s movement, 
with one or more saccadic movements also in that direction. The time of 
occurrence of the first saccadic movement was not constantly related to the 
onset of the smooth movement. Figure 2 shows records taken from one 


2° 


i 
1 sec 


Fig. 2. Records of horizontal eye direction showing the response to the onset of the 
target’s moving with uniform velocity. Note the Eee < of the saccadic 
movement from the onset of the smooth movement. 


subject during one recording session and illustrates the saccadic movement 
occurring before, at, and after the beginning of the smooth movement. 
‘The appearance of these records suggests that fluctuations in reaction time 
can occur independently for the two types of movement. 

One of the problems under investigation was the metrical relationship 
between the response and the movement of the target. Preliminary ex- 
periments suggested that this relationship was approximately linear; 
i.e. that at any time after the onset of the target’s motion, the distance the 
eye had moved was proportional to the velocity of the target. The veri- 
fication of this supposition would require the measurement and re-scaling 
of many records and so a modified method of recording was adopted. A 
multi-position switch was used to select from a range of velocities, and at 
the same time to alter the gain of the recording system in such a way that 
the product of gain and velocity was held constant. Thus, when the target 
spot moved slowly and the excursion of the eye was correspondingly 
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reduced, the recording gain was increased accordingly. If the supposition 
that the eye movements are linearly related to the target movement is true, 
all the reeords obtained by this method will look alike. Figure 3 shows a 
series of records of the responses to five different velocities over a tenfold 
range of velocity. These records are from one subject on one occasion. The 
only selection that has been applied is the rejection of records with an early 
saccade, as it is felt that the late-occurring saccadic movements allow a 


clearer view of the smooth component. It can be seen that the records fal! — 


into two groups; the three faster-velocity records differ from the two 
slower-velocity records in that no saccadic movement occurs in the latter. 


500 msec 
i j 


Fig. 3. Records of a series of responses to the onset of a uniform velocity movement 
of the target. The target was moved at various velocities. Time is displayed hori- 
zontally, eye position vertically, and‘target velocity along a third axis at 45°. The 
gain of the recording system is made inversely proportional to the target velocity. 


The saccadic movements in the three faster records are similar deflexions. 
Because of the dependence of gain on target velocity, the actual magnitude 
of the saccadic movements is smaller the slower the target velocity. The 
saccade in the response to the 3°/sec target velocity is 0-6°. If there were a 
_ similarly-appearing saccade in the next slower record it would represent a 
movement of somewhat less than 0-4°. Its absence is therefore compatible 
with the threshold for saccadic movements which has been noted earlier. 
The smooth movement in all five records appears substantially the same. 
There is some flattening of the smooth movement in the fastest record 
“(12-5°/sec) and this tendency is more striking in records taken at even 
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greater velocities. However, within the range from 10°/sec down to the 
slowest velocities which produce significant eye movements within 250 msec 
of the target moving, about 0-8°/sec, the smooth movement appears 
linearly related to the target movement. 

The smooth movements begin after a reaction time of about 150 msec, 
and do not reach the same speed as the target until about 400 msec has 
elapsed since the target began moving. The smooth movement alone must 
therefore inevitably leave the point of fixation of the eye trailing behind 

the target even when the eye and the target are both moving at the same 


1 sec 


Fig. 4. Tracking responses to a target moving with uniform velocity preceded by a 
variety of displacements. (a) no displacement; (b) 3° displacement in a direction 
opposite to the velocity; (c) 1° displacement in a direction opposite to the velo- 
city; (d) 1° displacement in the same direction as the velocity. Note the similarity 


of the smooth component in all cases. 


. speed. This lag is corrected by saccadic movements in much the same way 
as an error in fixation of a stationary target. | 
Experiment 3. The next problem under investigation was whether the 
smooth movements are brought about by the position of the target's 
image on the retina, or by its movement over the retina. It is possible to 
perform a crucial experiment by imparting to an initially stationary target 
a displacement to one side, and at the same time beginning a movement of 
uniform velocity towards the opposite side. If smooth movements are the 
result of positional displacement of the target the movements will be to- 
_ wards the target, but if the smooth movements are brought about by the 
movement of the target they will be away from the target. To this end the 
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target spot was made to move in the following manner. From an initially 
stationary position the target was suddenly displaced horizontally to a 
variable extent and in either direction irregularly. At the same time the 
target was made to move with a velocity of 3-5°/sec irregularly in either 
direction. Figure 4 shows records taken in the course of this experiment. 
The movement of the target supplies the time base of the records and the 
eye position is represented vertically. Recording was started just before the 
target began to move, so that a dot appears on each record and indicates 
the initial positions of the target and eye. 

Figure 4a shows a record obtained in a case where there was no dis- 
placement of the target at the beginning of the movement. It is therefore a 
repetition of the sort of observation illustrated in Fig. 3, and shows a 
smooth movement supplemented by a saccade. In the case of Fig. 46 the 
target was given a displacement of 3° to one side and a velocity of 3-5°/sec 
towards the opposite side. Clearly, if the eye were at all times looking 
accurately towards the target, the record would be a straight line sloping 
upwards at approximately 45° through the spot marking the initial 
positions of the eye and target. The interpretation of the record is that 
after a reaction time during which the eye does not move, a smooth move- 
ment starts in the direction in which the target is moving. When this has 
been established, a saccadic movement occurs in the direction opposite to 
the smooth movement to counteract the lead which the eye has over the 
target. Thereafter the eye continues to move with the target, ntaimtaining 
accurate fixation throughout the next 1-5 sec. This result indicates that the 


smooth movement is stimulated by the movement of the target irrespective _ 


of its position. The conclusion that the smooth movements are brought 
about by the movement of the target explains the apparently paradoxical 
observation that the first movement which the eye makes may take the 
point of fixation further from the target than if no eye movement at all 
were to occur, 

The results of the same experiment also contain two further observations 
which are of interest. It has been seen that when a target moves with 
uniform velocity from its initial stationary position, a saccadic movement 
is made in the direction in which the target is travelling (Fig. 4a). It has 
also been seen that if the target is given a large (3°) displacement to one 
side and a simultaneous velocity towards the other side, a saccadic move- 
ment is made in the direction opposite to that in which the target is 
travelling (Fig. 4b). This suggests that an intermediate size of displace- 
ment might exist, which, when accompanied by a simultaneous velocity 
towards the other side, produces no saccadic movement in the response. 
This is the case, and it is illustrated by the recording shown in Fig. 4c, 
where the displacement is about 1°. This balance point is not difficult to 
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achieve, because the threshold for saccadic movements (about + 0-5°) 
allows plenty of leeway. 

There remains one combination to be examined. This is where the dis- 
placement and velocity are both in the same direction. The eye movement 
corresponding to this target movement is shown in Fig. 4d. A normal 
smooth movement is followed by a large saccadic movement, only part of 


‘which is seen on the record. 


The four records of Fig. 4 show the responses to a target’s moving with 
uniform velocity accompanied by a displacement which varies in magni- 
tude and relative direction. The responses consist of essentially the same 
smooth movement, on which is superimposed a saccadic movement which 
varies in magnitude and direction correspondingly. The inference is that 
the smooth movement is stimulated by the velocity of the target, and the 
saccadic movement is stimulated independently by the position of the 
target. 

Experiment 4. The results of the previous experiments suggest that 
saccadic movements and smooth movements satisfy independent require- 
ments and are generated independently of one another. Thus it has been 


' geen that they have independent fluctuations in reaction time (Fig. 2), 


have different thresholds (Fig. 3), and may be in opposite directions (Fig. 4). 


Further evidence for their independence would exist if it were possible to 


dissociate the types of movement pharmacologically. Many drugs, e.g. 
alcohol and methylpentynol (‘Oblivon’; British Schering), are said to cause — 
oculomotor disturbances as side effects, the barbiturate drugs being 
notorious in this respect. The term ‘barbiturate nystagmus’ has been used 
for these effects, which have been described in some detail by Bergman, 
Nathanson & Bender (1952). Moderate doses of barbiturate drugs are said 
to disorganize fixation by the occurrence of random movements. Sideways 
deviation of the eyes whilst under their influence is characterized by a 
nystagmus, the slow phase of which is towards the straight forward 
direction. The barbiturates are therefore the drugs of choice with which to 
start an investigation into the possible pharmacological dissociation of the 
two types of eye movement. Figure 5 shows the records of the eye move- 
ments while tracking a target moving with uniform velocity before and 
after the intravenous administration of sodium thiopentone (Pentothal; 


‘Abbott Laboratories) 100 mgm. The drug was made up in a concentration 


of 1:25 g/100 ml. and administered continuously at the rate of 1 ml./min. 
Records of tracking a target moving at 3-5°/sec were taken at frequent 


_ intervals during the administration of the drug. The first noticeable effect 


was the increase in the number of saccadic movements occurring during the 
first second of tracking. As the amount of drug given increased, the sac- 
cadic movements increased at the expense of the sateen movement, until, 
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after 8 min, no smooth tracking movement could be detected. Figure 5 is a 
record taken at this stage. 

The most likely interpretation of this record is that the drug interferes 
with the smooth tracking response so as to make it inoperative. However, 


- 3° 


1 sec 


Fig. 5. Tracking eye movement responses to a target moving with constant velo- 
ity (a) before and (b) after the intravenous administration of sodium thiopentone 
(Pentothal) 100 mg. 


1 sec 


Fig. 6. Tracking eye movement responses to a target moving with simple harmonic 
motion (a) before and (b) 100 min after the oral administration of amylobarbitone 
sodium (Amytal) 300 mgm. 


there is another possible interpretation which needs to be eliminated 
before this is established. If the barbiturate drugs acted by producing a 
nystagmus which happened to have the slow phase in the direction opposite 
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to the tracking movement, and the velocity of the slow phase of the nystag- 
mus were just equal to the velocity of the smooth tracking movement, and 
the nystagmus and the tracking movement combined additively, then a 
record something like that illustrated would result. That this is not, so was 
clear from the fact that the records looked the same whichever the direc- 
tion of the tracking. A more convincing demonstration of this is available 
in Fig. 6. This shows the effect of a barbiturate drug, in this case amylo- 
barbitone sodium (Amytal; Lilly) 270 mg taken by mouth, on the ability 
to track a sinusoidally moving target. The target was moving from side to 
side with a frequency of 0-5 c/s and an amplitude of 4°. Before the drug 
was taken this movement was tracked smoothly with very few saccadic 
movements. One hundred minutes after the drug was taken tracking was 
effected mainly by a succession of saccades. 


DISCUSSION 
The experiments reported in this paper show that the eye movements 


which are made in tracking consist of the superimposed movements of two 


independent systems. This is not an example of redundancy in the central 
nervous system for the mechanisms subserve different demands. The 
smooth movements are responses to movement of the image across the 


“retina, and in the absence of saccadic movements could do nothing to bring 


the image of the target on to the fovea. On the other hand, the smooth 
movements do result in a stationary image being cast on the retina by a 


- moving target, in much the same way as when a camera is slewed round to 


photograph a moving object. 

Not only are smooth eye movements brought about by the movement of 
the image over the retina, but the velocity of the smooth movement 
is linearly related to the velocity of movement of the target. This means 
that the velocity of the image on the retina is not only detected but also 
measured with considerable precision over a fairly wide range of velocities. 
The measurement of velocity could be performed on the retina or more cen- 
trally. It has been argued that if the velocity of the image is the stimulus 
which evokes smooth tracking responses, the ultimate speed of movement 
of the eye must always be slightly less than the speed of movement of the 
target. This deficiency has never been demonstrated, except in the case of 
very fast moving targets, and it has been suggested that this is due to the » 
inadequacy of recording techniques. However, it can be shown that there 
need be no residual movement of the image over the retina to maintain the © 
movement of the eyes. If a movement of the image on the retina evokes 
an acceleration of the eyes in the direction of that movement, then the eyes 
will only travel with uniform velocity (i.e. without acceleration) if there is 


no image movement. This appears to be the way in which a precise match 
22 Physiol. 159 
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of eye velocity to target velocity is achieved. It is known that very slow 
drifts in eye position occur even during fixation of a stationary target. 
The error in the velocity of tracking a uniformly moving target does not 
exceed the velocity of these drifts. 

Westheimer (1954a) has pointed out that the saccadic movement is 
essentially ballistic. This means that the decision concerning the magnitude 
~ of the movement is taken before the movement begins, and that the move- 
ment then follows an inevitable course. The adequacy of the movement is 
tested in retrospect, and any deficiencies are rectified by similar ballistic 
movements, The alternative to a ballistic movement is a guided one. Such 
a movement is under continuous control, and should the movement at any 
time be found to be inadequate, either because of its own inaccuracy or 
because of changes in the task requirement, it can be modified accordingly. 
The question therefore arises whether smooth tracking movements are 
ballistic or guided. Westheimer (19545) has suggested that smooth move- 
ments are also ballistic. His reason for saying this is that he describes 


smooth movements as consisting of stretches of movement of uniform 


velocity joined by very short regions during which the velocity changes. 
The changes are said to last not more than 20 msec and to recur not more 


frequently than every 100 msec. This view is in agreement with the 


observation by Stroud (1950) that when tracking harmonic motions many 
cycles need to elapse before smooth accelerations are found in the res- 
ponses.: On the other hand Dodge et al. (1930) have described and illus- 
trated smooth accelerations occurring within half a cycle (0-4 sec) of the 
onset of the oscillations, and Westheimer (1954a@) has shown a change in 
velocity which occurs gradually over a period of 90 msecs. The records 
reproduced in the present paper suggest that it is difficult to be sure on 
_ this point. Figure 5 shows a sudden change of velocity, but the accelera- 


tions in Fig. 3 appear to occur gradually and slowly. The remaining illus-— 


trations show all graduations from very pointed to very gradual. 

It is clear that the ability to distinguish sudden from gradual accelera- 
tions depends on the precision with which the eye position can be ascer- 
tained, for small deviations may make~a smooth acceleration appear 
sudden or a sudden change of velocity appear gradual. The variance in eye 
position during fixation of a stationary target is about 1/10° (Barlow, 1952) 
and this may be taken as the noise level below which it is profitless to look 
for significant tracking mdvements. The distinction between sudden and 
gradual accelerations is equivalent to the distinction between a triangular 
and a sinusoidal motion, and depends on the detection of harmonic com- 
ponents, the largest of which is 1/9 the amplitude of the fundamenta! 
oscillation. From these figures it can be shown that a change of velocity of 
V°/sec cannot be localized in an interval much shorter than 2/V sec. It 
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would seem therefore that the question whether smooth eye movements 
are ballistic or guided cannot best be decided by the presence or absence of 
corners in the records. 

The distinction between a guided system and one which makes successive 
approximations with a series of ballistic movements is to a certain extent 
arbitrary. It may be assumed that a system takes in information at dis- 
crete intervals which, in the limit, approaches continuous sampling. The 
response of the system to one sample of input information will extend over 
a certain time, which we may call the response time. If the sampling 
interval is large compared with the response time, then the system will be 
described as ballistic. Saccadic eye movements fall in this category, as do, 
for example, nerve action potentials. In the latter case the sampling 
interval is determined by the refractory period, which exceeds the response 
time, i.e. the duration of a spike. If, on the other hand, the response time 
is large compared with the sampling interval the system would be con- 
sidered to be guided. Muscle contraction provides a good example of such 
asystem. Clearly it is possible to have any degree of guidedness between the 
extremes, and it is doubtful whether the distinction is always worth making. 

In view of the narcotic action of the barbiturate drugs it would be 
tempting to attribute the action which they have on tracking to a reduction 
in the attention which the subject gives to the task. This is not so, for a 
subsidiary experiment showed that nitrous oxide mixed with air in suffi- 
cient concentrations nearly to produce unconsciousness has very little 


_ effect on eye movements. So long as the subject can keep his eyes open he 


is able to track without impairment. The effect of barbiturates on the 
smooth component of tracking movements is complete with doses which 
do little more than induce slight drowsiness. The effect of barbiturates on 
tracking is, therefore, not secondary to their narcotic action, but is more 


_ direct. Together with information concerning the effect of barbiturates on 


other oculomotor functions (Rashbass & Russell, 1961; Westheimer & — 
Rashbass, 1961) this helps to delimit the site of action of the drug and to 


- distinguish the neurological pathways involved. 


SUMMARY 


1.. Tracking eye movements were recorded in normal subjects presented 


_ with a variety of visual tracking tasks. 


2. Sudden lateral displacements of the target evoke saccadic responses. 


Displacements smaller than about 0-25° cause no response. 


3. The initial response to a target moving with uniform velocity has 
both saccadic and smooth components. 


4. The reaction times of these two components vary independently. 
22-2 
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5. The smooth component is linearly related to target oe up to 
10°/see; the saccadic component has a threshold. 

6. Tasks involving various combinations of displacement and velocity 
evoke saccadic and smooth responses ; the smooth movement is determined 
by the task velocity, the saccadic movement by the task displacement. 

7. The barbiturate drugs differentially interfere with the smooth- 
movement component. 


This work was aided by a grant from the Bethlem Royal and Maudsley Hospitals Research 
Fund for which I am grateful. I am indebted to Mr P. V. Jacobs for untiring assistance. 
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Eye movements may be described in terms of two components: con- 
jugate and disjunctive. A pure conjugate eye movement is one in which 
the two eyes move in a parallel fashion, while in a disjunctive movement 
changes occur in the orientation of one eye with respect to the other. A 
typical situation calling for a disjunctive movement is the change in bino- 
cular observation from a far to a near target, when the fixation lines of the’ 
two eyes have to converge. 

Recordings of eye movement responses to the presentation of targets 
requiring convergence show the movements to be slow compared with their 
reaction time (Westheimer & Mitchell, 1956). In this respect they differ 
from the most commonly occurring conjugate eye movements, the saccadic 
movements. It is clear now that saccadic eye movements are not guided, 
in, that no adjustments in response to visual clues are made during the 
movement (Westheimer, 1954). The time characteristics of disjunctive 


_ movements, on the other hand, would theoretically allow correction of 
- movements during their course on the basis of visual information. That the 


elements for such a control system exist is evidenced by the following two 
facts: (1) the sensory system on which such a control system would 
depend is capable of making very fine discriminations—tretinal disparities 
of less than a minute of arc can be detected—and (2) the muscular system 
is quite fast and capable of making fine gradations in response. The 
experiments reported in this paper fall into two groups. Those describing 
the eye movement responses to simple types of convergence stimuli are 
given in Part I, and those in which responses are studied to special stimulus 
situations designed to elucidate the properties of the control mechanism 
for disjunctive eye movements are contained in Part II. 


PART I. DESCRIPTIVE EXPERIMENTS 


METHODS 


Stimulating. The subject sits in a darkened room. Each eye is presented with a target 
consisting of a 3 mm white spot on the face of a large cathode-ray tube 2 m from the eye. 


“* On leave from the Institute of Psychiatry, University of London. 


| 
9 
‘ 
| 


340 C. RASHBASS AND G. WESTHEIMER 


One of these tubes is placed directly in front of the subject and is seen by only the left eye. 
The other is placed to one side and is seen by only the right eye after reflexion in a front- 
surface mirror. This mirror also obscures the right eye’s view of the left eye’s target. The 


a b 
Fig. 1. Schematic diagram to illustrate relative changes in the positions of the 
corneal light reflex and a point on the limbus as the eye undergoes (a) a side-to-side 
translational movement and (b) a rotational movement. 


CR / 
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/ of 
/ 
) PMC 


Fig. 2. Schematic plan of the experimental arrangement to record eye move- .- 
ments. A vertical line scans the cathode-ray tube (CR) horizontally and is imaged 
by the lens on the anterior surface of the eye. Two photomultiplier cells (PMC) 
are situated in front of the eye to register changes in the reflected light. 


cathode-ray tube spots may be deflected horizontally with applied voltage signals. When 
equal signals are applied to both tubes, this results in a symmetrical disjunctive movement 
of the targets. | 

Recording. The movements of the eyes are recorded by a method which is designed to 
eliminate any artifacts which may arise from lateral displacements of the eyeballs. The 
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method is based on the principle that, seen from one direction, the separation of two points 
on a rigid body remains constant during a translation but changes during a rotation around 
an axis normal to the plane containing the two points and the direction of observation. 
The two points chosen which to a first approximation have this property for horizontal eye 
movements are the temporal limbus and the image of a light source by specular reflexion 
in the anterior surface of the cornea. Seen from the front, a point in the limbus will move 
through the same lateral distance as the corneal reflexion of a distant light source when the 
eye makes side-to-side translational movement. When the eye makes a rotational movement 
around @ vertical axis, however, these two landmarks will move through unequal lateral 
distances. The separation of a point on the limbus from the corneal reflexion will, therefore, be 
a function of rotational eye position only, unaffected by translational shifts of the eye 


(Fig. 1). | 


Fig. 3. Summed signals from the two photomultiplier cells in Fig. 2 (schematic). 
The first down turn indicates the position during the scan in which the image of the 
cathode-ray tube line travels across the limbus, the rise and fall show the position 
in which a specular reflexion from the cornea is formed at the second photo- 
multiplier cell. When the eye makes a side-to-side translational movement 
(6) the two changes are displaced in a parallel fashion, but during an eye rotation 
(c) their separation changes. The separation, isolated electronically, is used as the 


signal corresponding to eye position. 


We use a vertical line (produced by 60 ke/s vertical scanning of the spot) on a short- 
persistence cathode-ray tube and image it by means of a lens on the anterior surface of the 
eye. The line is made to scan the tube face horizontally in a saw-tooth manner at the rate of 
300 c/s. The image is about 1 mm high and moves nasally from the sclera across the cornea 
at the level of the widest horizontal diameter of the cornea. Thelight reflected from the anterior 
surface of the eye is measured by two suitably placed photomultiplier cells (Fig. 2). During a 
single scan the output of the one cell undergoes a change when the image crosses from the 
sclera to the cornea, and that of the other detects the instant a specular reflexion of the 
image from the cornea is formed at this particular cell. In the summed output of the two 
cells the time interval of the two changes is a measure of the rotational eye position (Fig. 3). 
The time interval is isolated electronically and a signal proportional toeye positionisavailable. — 

. The apparatus is duplicated before the other eye, and records can be obtained of the hori- 
zontal movement of each eye separately or, by electronic differencing, of convergence. . 
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The gain of the recording system was so adjusted that the voltage output of each eye’s 
channel was equal to the voltage required to drive each stimulus spot on its cathode-ray 
tube through a distance corresponding to the movement of the eye. Linearity was demon. 
strated by the maintenance of this correspondence over the range of eye movements usec 
by us, up to 8°. Translational movements are about five times less effective than if the limbus 


position alone had been recorded (Rashbass, 1960) and about ten times less than if the _ 


corneal reflexion method had been used. The noise level remains under 5 minutes of arc. 
The frequency response of the recording system is estimated to be good from zero to at 
least 30 c/s. 

Procedure. The subject is placed before the experimental apparatus with his head held 
firmly in place by means of a bite-bar and a head clamp. The mirror in front of the right eye 
is adjusted so that when each spot is in the centre of its viewing tube face, the subject sees a 
single spot in binocular view somewhere near the middle of the angular range within which 


he can maintain single vision (fusional range). Near the edge of this range quite different — 


responses might be found; we have not analysed these nor have we attempted to analyse 
phenomena close to the noise level of the recording apparatus. Preliminary tests showed that 
such factors as size, brightness and sharpness of the viewing spots do not materially influence 
the characteristics of the responses. 

Nomenclature. We shall use the term ‘target vergence’ to denote the angle between the 
lines joining the centre of rotation of each eye with the apparent target for that eye. ‘Eye 
vergence’ will be used for the angle between the fixation lines of the two eyes. “Disparity’ 
is the difference between target vergence and eye vergence. 


| RESULTS 

Records of disjunctive eye movements in response to horizontal target 
vergence stimuli were obtained in eight young adult subjects, none of whom 
showed any evidence of oculomotor imbalance, as determined by tests for 
heterophoria and fusional range. The results described below are typical of 
the records obtained on all subjects. Variation between subjects, except 
where mentioned, appeared negligible. Except where noted, movements 
in the direction of convergence and divergence had similar characteristics. 
The targets remained at the same physical distance throughout, so that 
any additional effects that a real near target might introduce, such as 

‘cross-talk’ from accommodation, were avoided. 

It is clear now that the response mechanisms mediating conj jugate and 
disjunctive eye movements operate separately (Westheimer & Mitchell, 
1956; Yarbus, 1957; Rashbass & Westheimer, 1961), This means that the 
method of display adopted here, in which only the disjunctive component 
of the binocular eye movement is shown, is a sufficient measure of the 
phenomena studied. In any case, when the target vergence is introduced 
symmetrically before the two eyes, as was done throughout, the conjugate 
components of the eye movements are small. 


Step stimuli 


Figure 4 shows a representative eye vergence response when a 2° sist 


vergence change is suddenly introduced. The reaction time is typically 
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about 160 msec. A constant velocity of eye vergence is soon developed and 
maintained for nearly 200 msec, after which the velocity falls off. The final 
level of eye vergence is reached in about 800 msec, so that in total about 
1 sec elapses between the onset of the stimulus and the stabilization of the 
response at the new level of eye vergence. These time characteristics of 
step vergence responses are similar to those of accommodation (Campbell 


& Westheimer, 1960). 


| 


1 sec 


Fig. 4. (a) Eye-vergence response (upper trace) to a step change in target vergence 
of 2°. Allowance should be made for the arc of the pen. The direction of conver- 
gence is marked c, and of divergence, d. (b) Same, but at a higher recording speed. 


Figure 5 shows responses to step stimuli of various amplitudes with the 
gain of the recording system changed to compensate. Characteristic 
changes occur as the amplitude of the step target vergence stimuli is de- 
_ ereased. The larger movements are slowed relatively earlier in their course 
and reach their final level asymptotically.. The 20’ movement, on the 
other hand, has an overshoot in one direction. 

The amplitudes of the eye vergence movements match the target ver- 
gence changes very well. It appears that if there is any maintained dis- 


__ parity it certainly does not exceed a few minutes of arc, a fact that has also 


been demonstrated in recent experiments with the contact-lens method of 
recording eye movements (Riggs & Niehl, 1960). 
Figure 6 shows a 3° movement. recorded from subject E.F.M. This 
particular subject shows oscillations for movements in one direction not 
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only around the final position but also during the movement. We shall see 
similar oscillations in another subject when ramp stimuli are illustrated 
below. 

Some details of the time course of the responses shown here differ from 
those given by Westheimer & Mitchell (1956). Genuine individual differ- 


0 

3° d 1 sec 
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gin 5. Eye- -vergence responses to step changes in target vergence of (a) 4°, 2°, 
1°, and (b) 20’. Note changes in vertical scale. 


3d | 


0 1 sec 
d 


3° 


Fig. 6. Eye-vergence response to a 3° step change in target vergence from 
subject E.F.M. 
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ences might be involved, but it is more probable that the improved recor- 
ding technique available for this study accounts for the discrepancies. 

_ Are the responses shown in Figs. 4 and 5 initiated as a single event and 
carried through without modification as are, for example, saccadic eye 
movements, or are the particular response characteristics the result of 
changes introduced during the course of the movements? The following 

experiment suggests an answer to this question. 


1 sec 


ig. 7. Eye-vergence movements in nse to 1° pulses of 
ye-verge respo: 
target vergence of various duration. 


30 a 500 msec 

0 

Fig. 8. Response to a 2° target-vergence pulse of 20 msec duration. 

Rectangular pulse stimula 


In Fig. 7 are shown the responses to a series of sudden ais vergence 

_ changes followed in each case by a return of the stimulus to the original 

level after a time interval increasing throughout the series. It is seen that 

there is an ascending and a descending limb in each response, the two 
separated by an interval approximately equal to the pulse-stimulus length; 

the response lags a reaction time behind the ‘coeneeponding components of 
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the stimulus. It is concluded that disjunctive eye movements can be 
modified during the course of their progress and that information con- 
cerning disparity can be assimilated during the reaction time as well as 
during the movement. 

The initial responses to constant-amplitude target vergence pulses of 
various durations can all be superimposed on each other as well as on the 
step response to the same stimulus amplitude. 

The shortest pulse we have used was 20 msec rong. ‘Figure 8 shows that 
there is a response. 


gee 9. Eye-vergence movements when target vergence changes 
at constant velocity. 


3°-d 
1 sec 
3° d 
| 
0 


Fig. 10. Eye-vergence tracking of sinusoidal changes in target vergence at two 
frequencies. The records shown are from the middle of long trains of movements 


and do not exhibit transient changes associated with the,beginnings and ends of 
such responses. 


_ Ramp functions 


When a target vergence is introduced with a constant rate of change 
(Fig. 9), it is matched by a rate of change of eye vergence, but this is not 
achieved without some velocity overshoot and oscillations. Typically these 
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transient effects are unequal in the two directions. A reaction time of 
somewhat less than 200 msec is a feature of all these records. We have 
recorded tracking of target-vergence changes as slow as 0: 35° /sec and as 
fast as 5°/sec. 

Sinusoidal target vergence stimuli 


The targets were made to undergo vergence changes that were a sinu- 
soidal function of time at various amplitudes and frequencies. That the 
vergence tracking is exceedingly accurate for stimuli with periods of a few 
seconds per cycle can be seen in Fig. 10, which shows records during the 
middle of long trains of waves. When the amplitude and frequency are such 
that tracking velocities of several degrees per second are demanded, the 
velocity oscillations—more prominent in one direction than the other— 
already observed in the previous section are again demonstrated. When the 


d 
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Fig. 11. Gradual deterioration of eye vergence tracking of fast (1 c/s) sinusoidal 
_ target vergence movements. 


frequency of the sinusoidal stimuli is increased to the order of 1 c/s, the 
subject responds to only the first few cycles (Fig. 11); the response then 
fluctuates irregularly in the middle of the stimulus range. Under these 
conditions the subject is aware of diplopia. This phenomenon is dependent 
to some extent on the amplitude of the stimulus oscillations, but we have 
not investigated this aspect in detail. 


PART II. ANALYTICAL EXPERIMENTS | 

In the preceding part eye-vergence responses to a variety of target 
patterns have been described. In this part investigations are reported to 
determine which characteristics of the disparity conenee: the nature of 
the response, and the way they do so. 

An analysis of this sort is best performed by observing the responses to 
disparities that are simple time functions entirely under the control of the 
experimenter. In the experiments described in the preceding part this is 
not the case. There the binocular disparity results from the combination of 
the movements imposed on the targets with the movements which the 
eyes perform. The eye movements themselves are not directly under the 
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control of the experimenter and thus any attempt to impose a simple 
disparity is vitiated as soon as eye-vergence movements are made. 

It is possible to surmount this difficulty by making the target spots 
move in a way that is predicated by the eye-vergence movements. With the 
apparatus described the target spots can be driven by the electrical measure 
of eye vergence so that any vergence movements made by the eyes are 
accompanied by similar movements of the targets. When this is achieved, 
eye vergence no longer has any effect on disparity. It is possible to intro- 
duce any desired disparity which then will remain uninfluenced by the 
response it evokes. This process may be termed disparity clamping and is 
familiar to engineers as the process of opening a feed-back loop. 


METHODS 


It has already been mentioned that in the course of calibration the signal from the eye- 
movement recording device is made equal to the signal which displaces the target so as to 
evoke that movement. The input to the target presentation devices is now earthed to bring 
both spots to their central position. When convergence on this target position is established, 
the DC level of the output of the eye-vergence measuring system is adjusted to earth poten- 
tial. This adjustment is carried out without altering the sensitivity which has already been 
adjusted. It is now possible to disconnect the input to the target presentation devices and 
replace it by the output of the eye-vergence measuring system (which is at earth potential) 
without any change in position of the target spots. Should any eye-vergence movements 
now occur, the target’ spots will move so as to keep the disparity zero. 

The substitution of the real earthing connexion of the target presentation devices by the 
output of the eye-vergence measuring device changes the stability of the system from a 
condition of stable to one of neutral equilibrium, After'the substitution there is nothing to 
prevent the eye vergence from drifting, because the eye will be accompanied by the targets. 
With care and patience, however, it is possible to achieve a substantially drift-free base line. 

It should be noticed that this procedure does not produce a stabilized retinal image. 
Conjugate eye movements do not appear in the output of the eye-vergence measuring system 
and are, therefore, not imposed on the target movements. The targets are always sym- 
metrically disposed about the mid line. 


RESULTS 


Figure 12 is a typical record of the response to a autiagaes disparity 
that is suddenly imposed and subsequently maintained at a constant 
value. After a reaction time of 170 msec the eyes begin to converge. The 
- movement almost instantly attains its velocity which is then sustained 
throughout. The movement ends either when one of the target spots goes 
out of sight or when the degree of convergence attained is extreme. 
Divergent disparities cause divergence: movements which are of similar 
character to the convergence movements caused by convergent disparities. 

Unlike the records in the previous part, those in this part show the dis- 
parity stimulus and the response at different scales. Thus it is seen that 
when the disparity is clamped, a small disparity evokes a movement which 
becomes very much greater than the disparity which causes it. 
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The velocity of the movement varies with the disparity. Figure 13 
shows the relationship between these two quantities. Within the limits 
of the experimental method there is no dead zone, that is to say, dis- 


hc 1 sec 
> 


Fig. 12. Eye-vergence movement when a constant disparity is suddenly imposed 
and subsequently maintained. The velocity of the eye vergence is a function of the 


degree of disparity. 
5°/sec e e 
1° Divergence ‘ Convergence 1° 
disparit disparit 
| parity 
>» 
2 > 
5°/sect 
| 
| _. Fig. 13. Relation between the magnitude of constantly maintained disparity and 


velocity of eye vergence induced by it. Each point was obtained from a record 
such as illustrated in Fig. 12. | 


| parities, however small, evoke a response. This underlines the difficulty of 
; obtaining a drift-free base line. Within the range of +0-2° of disparity, the 
| velocity of the eye vergence is linearly related to the binocular disparity 
that evokes it, but for higher disparities there seems to be a falling off 
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from linearity. In the subject on whom the results of Fig. 13 were obtained — 


the constant of proportionality is 10°/sec per degree of disparity, this 
figure being obtained from the slope of the results near the origin. In 
another subject the constant of proportionality was 7°/sec per degree of 
disparity. 

When the clamped disparity is alternated between the convergent and the 
divergent kind, the response consists of alternating convergence and diver- 
gence eye movements of uniform velocity in the form of a triangular wave 


2°rd 

0:20°--d 1 sec 

0 


0:20°L¢ 


Fig. 14. Triangular wave-form of eye-vergence response to a square-wave 
disparity stimulus. Note the relatively large movements induced by the small 
amount of disparity. Drift in the upper record is practically unavoidable con- 
sequence of experimental situation required to produce disparity clamping. 


delayed one reaction time with respect to the steps of disparity evoking it. 
This is illustrated in Fig. 14. There is no evidence that the regular repetition 
of changes between convergent and divergent disparities allows any 
anticipation of these changes. Even the later responses occur only after a 
reaction time has elapsed. 

At this stage it is possible to propose the following working hypothesis: 
the velocity of the eye-vergence movements is always proportional to 
what the disparity was one reaction. time earlier, provided that the dis- 
parity never exceeds some prescribed bounds. The hypothesis predicts the 
eye-vergence movements that will occur in response to any pattern of dis- 
parity, a prediction that can be tested by observation. 


Sinusoidally varying disparities provide a convenient test. The ee: | 


thesis may be expressed in the form 


dt (1) 


where r is the eye vergence, ¢ the disparity, 7 the reaction time, and k the 
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constant of proportionality determined above. For a sinusoidal dis- 
parity change of amplitude a and frequency w radians/sec: 


€ = wt; 
and from equation (1) it follows that 
ka . 
= sin w [w(t —7) (2) 


omitting the constant of integration which determines iia mean eye 
vergence. The hypothesis thus predicts not only that the aye-veRgenee 
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Fig. 15. Sinusoidal eye-vergence movements in response to sinusoidal disparities 
at various frequencies. This is an experiment in the manner of the ‘open-loop’ 
approach to servo mechanisms. Allowance should be made for the arc of the pen. 


response to sinusoidally varying disparity will be a sine wave of equal 
frequency but also says something about the amplitude, and phase rela- 
tionships between the disparity and the resulting eye vergence. 

In Fig. 15 are illustrated sinusoidal disparity changes and the eye- 
vergence movements they evoke. It is seen that the latter are substantially 
sinusoidal. The records are from the middle of long wave trains. In Fig. 16 
are plotted the amplitudes of the response oscillations against the ampli- 
tudes of the disparity oscillations for a single frequency. For small dis- 
parities a linear relationship exists between the two, but as the amplitude 
of the disparity oscillation increases there is a falling off from linearity. 

23 Physiol. 159 
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Amplitude of response (°) 


j 
15 


05 10 
Amplitude of disparity (°) 


Fig. 16. Experimental data from long wave-trains of records like those in Fig. 15 
showing the relationship between the magnitude of eye-vergence oscillations and 
that of the disparity oscillations which cause them. The slope of the straight line 
fitted to the data points near the origin may be called the gain of the system. 


Gain 


10- 


0-4 0-6 15 


10 
Frequency (c/s) 


Fig. 17. Graph relating gain (ratio of eye-vergence amplitude to disparity 
amplitude for sinusoidal disparity changes) to frequency of the disparity changes; 
log. co-ordinates, Straight line has position and slope theoretically expected in a 
system in which disparity produces a constant velocity of eye vergence with the 
relationship in Fig. 13. Points are experimentally determined. Subject C.R. 
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The ratio of response amplitude to disparity amplitude at any frequency 
may be called the gain of the system at that frequency. This quantity in its 
linear region for small disparities has been plotted in Fig. 17 as a function 
of frequency on logarithmic co-ordinates for the results from subject 
C.R., obtained from records like those shown in Fig. 15. Superimposed is 
drawn the predicted line of gain, obtained by substituting in equation (2) 
the value of & obtained from the experiment illustrated in Fig. 13, that is 
10°/sec per degree of disparity. Similar results were obtained for a second 
subject and are shown in Fig. 18. There is good agreement between the 
experimentally obtained results for gain as a function of frequency and the 
theoretically predicted curve. 
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Fig. 18. Results for another subject, B. W.W., similar to those depicted in 
Fig. 17 for subject C.R. Log. co-ordinates. 


Equation (2) also makes a prediction concerning the phase relationship 
between the disparity oscillations and the response oscillations. Were it 
not for the delay of a reaction time, the maximum velocity of the response 
would coincide with the maximum disparity. It is expected, therefore, that 
the response oscillations will follow the disparity oscillations after a 
delay of a quarter of cycle plus a reaction time. The straight line in Fig. 19 
shows the predicted relationship between phase lag and frequency. The 
points represent the phase lags measured experimentally, each point 


_ being the average of about 100 measurements. It can be seen that there is 


no agreement between prediction and experiment; the observed phase lags 
23-2 
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4 
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Frequency (c/s) 


Fig. 19. Relationship between phase of sinusoidal eye-vergence movements and 
the sinusoidal disparity changes inducing them. Straight line is the expected 
behaviour of a simple system with characteristics like those in Fig. 12. Points 
marked @ are from records like those in Fig. 15. Point marked @™ is an expression 
of the fact that an integrating system (Fig. 12) has 90° phase lag at zero frequency. 
Measured latencies substantially shorter than expected are an indication of antici- 
patory behaviour of eye vergence under sinusoidal disparity stimulation. Subject 
C.R. 
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Fig. 20. Results for phase delay between sirtusoidal disparity changes and eye- 
vergence responses for subject B.W.W. See legend for Fig. 19. 
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are very much smaller than those expected. A similar discrepancy is 
shown in the results for subject B.W.W. although not quite so markedly 
(Fig. 20). 

There are several possible ways of considering this failure of equation 
(1) to account for the observed phase lags, yet no simple modification of it 
would yield a better concordance between obtained and predicted phase 
lag and at the same time account for the findings illustrated in Figs. 12, 
14, 15 and 16. : 


d 


Fig. 21. An experiment to illustrate anticipatory behaviour of the disparity—eye 
vergence system. The disparity presented would not produce a turn-about in the 


response until one reaction time after it has crossed the zero level, unless anti- 
_ cipation had occurred. 


The fact that the phase delay in the sinusoidal disparity experiment is 
shorter than would be expected from the hypothesis which accounts for the 
other findings in Part II suggests that the course of disparity is being 
anticipated. It might seem reasonable to account for this by the rhyth- 
mical repetitiveness of a sinusoidally varying disparity. This explanation, 
however, is unacceptable because regular alternation of constant con- 
vergent and divergent disparities shows no evidence of such anticipation 
(see Fig. 14), The anticipation of the course of the disparity which is dis- 
played for sinusoidally varying disparities must, therefore, be accountable 
by some property other than its rhythmicity. The only essential difference 
between a, sinusoidal variation in disparity and a regular alternation be- 
tween convergent and divergent disparities is that the former is carried out 
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with finite velocity, acceleration and higher time derivatives of disparity. 
It seems inescapable that the anticipation of the course of sinusoidally 
varying disparity is based on information concerning the direction in 


which it is changing, at what rate it is changing, and possibly; what is its — 


acceleration. 

The conclusion that it is information concerning the rate of change of 
disparity which permits the future course of the disparity to be anticipated 
can. be tested by imposing a disparity which changes at a uniform rate. 
If a clamped disparity is imposed which declines to zero at a uniform rate 
and then continues to increase in the opposite sense at the same rate, and 
no anticipation of its course is made, then the response would reverse 
direction one reaction time after the disparity passes through zero. If, on 
the other hand, the finite rate of change of the disparity can be utilized to 
predict the future course, then the turn-about of the response would occur 
sooner than a reaction time after the disparity passes through zero. 
Figure 21 shows a typical result of such an experiment. It can be seen that 
the reversal of the response occurs even before the disparity reaches zero. 
Allowing for the delay involved in the reaction time, this demonstrates 
that considerable anticipation of the future course of the disparity has 
taken place. 


~ PART III. DISCUSSION 


Certain general properties of the observations in Part I can be shown to 


be compatible with inferences from Part IT. 

When a sudden change of target vergence is presented to the subject, 
eye vergence does not begin until a reaction time has elapsed. During the 
reaction time the disparity is constant and equal to the imposed change of 
target vergence. The initial velocity of the eye vergence would be expected, 
therefore, to be that velocity which we have found in Part II to be 
generated by that disparity. The initial velocities of the responses to 
sudden changes of target vergence are plotted as open circles in Fig. 22. 
The black’dots are the sustained velocites obtained by clamping the dis- 
parity and are replotted from Fig. 13. Although there is little overlap in 
the ranges of disparity covered by these two sets of observations, it can 
be seen that the initial velocities from the Part I experiments are a com- 
patible extension of the sustained velocities in the Part II experiments. 

It has been shown in Part IT that clamped disparities, however small, 
always generate a sustained eye-vergence movement. As the eye-vergence 


movement has constant velocity over its complete range, it is reasonable — 


to assume that the velocity which a given disparity evokes is independent 
of the eye vergence. A stationary state of eye vergence hence cannot co- 
exist with an added disparity. When the subject responds to a sudden 
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change of target vergence, a state is finally reached in which eye vergence 
remains stationary. During that state there can, therefore, be no disparity, 
and this confirms the observation that ultimately the change in eye ver- 
gence is equal within the error of measurement to the imposed change in 
target vergence (see p. 345, also Riggs & Niehl, 1960; Westheimer & Rashbass, 
1961). 
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Fig. 22. Velocity of eye vergence plotted against disparity. Open circles are 
from early phases of eye vergence movements in response to step target vergence 
stimuli. Black squares are taken from Fig. 13. ’ 


In Part II it has been shown that when the disparity is changing, the 
rate of change influences the responding eye vergence in a way which 
anticipates the future course of the disparity. Although the quantitative 
relationship between the rate of change of disparity and its effect on the 
response is complex and has not been worked out, certain consequences of 
this effect are discernible in the records shown in Part I. If the rate of 
change of disparity had no effect, the velocity of the response would be 


determined only by the magnitude of the disparity one reaction time 


earlier. In our subjects, with the response parameters determined in Part 
IT, the responses to sudden target vergence changes would be expected to 
show a large overshoot and a prolonged period of oscillation about the 
final position. In fact they do not show this. The responses appear to be 
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those of overdamped or critically damped systems. This may be explained 
by the effect of rate of change of disparity. As soon as eye vergence starts, 

the disparity begins to diminish with a finite rate of change. This rate of 
change will influence the response in a way which tends to reduce the 
rate at which the disparity is changing. The effect of this will be to reduce 
or prevent any oscillations about the final position. 

The precise effect of the anticipation due to rate of change of disparity 
depends on the quantitative details of the phenomenon. Ifa certain degree 
of rate of change of disparity provokes a moderate corrective effect, the 
result will be as described above, i.e. a tendency to dampen oscillations 
that are due to a too rapid attempt to correct disparity. If a certain 
degree of disparity provokes a greater effect, then it is possible to generate 
oscillations of velocity. The record from subject E.F.M., shown in Fig. 6, 
illustrates such oscillations in one direction. The same effect of over- 
correction of rate of change of disparity is discernible in. the response to 
target-vergence changes with uniform velocity (Fig. 9). 

It is clear now that velocity as well as position information is utilized to 
determine the conjugate tracking oculomotor responses to the movement 
of images over the retina (Rashbass, 1961). We have shown here that rate of 
change as well as magnitude of disparity determines eye vergence responses. 
The estimation of rate of change of disparity might in principle be made in 
either of two ways: by the difference between the velocity of the movement 
of the images across the two retinae, or by the rate of change of the differ- 
ence in the position of the images in the two eyes. The estimation of the 
speed at which ‘an image is traversing the retina might be made at the 
_ retina or more centrally, but any comparison between the two eyes, be it of 
velocity or position, can only be made centrally. Since the operations of 
subtraction and differentiation are commutative, i.e. the same result is 
obtained independently of the sequence in which the operations are per- 
formed, this does not restrict the localization of the process of velocity 
measurement. Whatever the mechanism of the detection of rate of change 
of disparity and the precise details of its operation, its influence is to 


stabilize the response to step functions of a system which has appreciable — 


time delay. This stabilization is achieved without unduly prolonging the 


total response time, and represents an efficient resolution of the conflict — 


between stability and speed of response innerent 3 in any system involving 
delay in the transfer of information. 


SUMMARY 
Li Duluasive: eye movements were recorded in normal subjects while 
they were presented with target spots, one for each eye, on cathode-ray 
tubes at a distance of 2 m. 
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2, Kye-vergence movements in response to suddenly introduced target- 
vergence changes have a reaction time of about 160 msec, begin with a 
constant velocity that is a function of stimulus amplitude, and then 
asymptotically reach their final level with a total movement time of about 
800 msec. 

3. Responses to momentary changes in target vergence follow each 
aspect of the stimulus after a reaction time. It is concluded that disjunctive 
eye movements can be modified during their progress and that information 
concerning disparity can be assimilated during the reaction time as well 
as during the movement. 

4. Target vergences changing at uniform rate and with sinaple harmonic 
' motion evoke matching eye-vergence changes after a reaction time. The 
tracking of higher target-vergence velocities is associated with oscillations. 
The tracking of high target-vergence frequencies deteriorates after only a 
few cycles. | 

5. A method was devised which permits the target vergence to be driven 
by the eye vergence so that any eye-vergence movements are always 
accompanied by similar target-vergence movements. When a disparity is 
now introduced which is then sustained at a constant value, the eye ver- 
gence achieves a constant velocity which is a function of the amplitude of 
the disparity: The constant of proportionality for small disparities is 
10°/sec per degree disparity in one subject and 7°/sec per degree disparity 
in another. 

6. The responses to a regular alternation between convergent and 
divergent disparities, and the shape and amplitude of the eye-vergence 
changes induced by sinusoidal disparity changes, conform to the pattern — 
of a system the velocity of whose response is a linear function of the degree 
of disparity. | 

7. The phase relationship between sine-wave disparity changes and the 
eye-vergence changes they cause suggests that anticipation of future dis- 
parity changes takes place, and an experiment with uniform rate of change 
of disparity indicates that rate of change of disparity is a factor in such an 
anticipation. 

_ 8. There is general compatibility between the responses to simple co con- 
trolled disparities and the responses to disparities modified by the move-. 
ments which the eyes themselves perform. 


This work was supported in part by grant MY 3034 from the National Institute of 
Mental Health, U.S. Public Health Service and was carried out under the auspices of the 
Columbus Psychiatric Institute, The Ohio State University Health Center, Columbus 10, | 
Ohio. 
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INDEPENDENCE OF CONJUGATE AND DISJUNCTIVE 
EYE MOVEMENTS 


By C. RASHBASS* ann G. WESTHEIMER 


From the School of Optometry, University of California, Berkeley 4, 
California, U.S.A. 


(Received 8 June 1961) 


- Conjugate eye movements, in which the two eyes move in a parallel 

fashion, can be distinguished from disjunctive eye movements, in which 
the fixation axes of the two eyes move with respect to each other. Recent 
experiments (Westheimer & Mitchell, 1956; Yarbus, 1957) have demon- 
strated clearly that the two types of movements can occur simultaneously 
and seem to be additive. The purpose of this paper is to illustrate by some 
further experimental results that conjugate and dis} unctive eye movements 
are organized 


METHODS 


The subject sat in a dark room and had presented to sacks eye a small (3 mm) white spot 
on a cathode-ray tube at 2m. The spots could be moved independently in a horizontal 
direction by an externally applied voltage. By a suitable electronic arrangement it was 
also possible to present independent conjugate and disjunctive target movements of various 
kinds, including square and sine waves. Target movements were confined to a range of 
6-8° centred around the middle of the subject’s fusional range. 

Eye movements were recorded by a method tending to eliminate, to some considerable 
extent, artifacts which might arise from lateral translational movements of the eyes. The 
measure of the positions of the right and left eyes, x, and «,, which was available in electric 
form, could be averaged to give the mean position of the two eyes [}(a,+a,)], and dif- 
ferenced to give the vergence level (a;—«,). Details of the method of target presentation 
and eye movement recording have been described (Rashbass & Westheimer, 1961). Records 
were obtained on three normal observers. The recordings are estimated to be good to 
5’ of arc and have a frequency response flat up to about 30 c/s. 


RESULTS 
We have recorded the mean position of the two eyes and the vergence 
between the eyes while the subjects were presented with targets, one for 
each eye, under a variety of target movement patterns. If a, is the angle 
the fixation line of the right eye makes with the straight-forward line, and 


* On leave from the Institute of Psychiatry, University of London. 
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a,, that of the left eye (using a right-handed co-ordinate system for both 
eyes), we can define the mean eye position | 
and the vergence 

Let ap, «7,, 6’ and y’ be equivalent angles as applied to the targets. 

In the first experiment ¢’ and y’ were each given step changes but at 
different repetition rates. Figure 1 shows a record taken under these 


1 sec 

| 

3° 

3° 


Fig. 1. Recording of eye-vergence (above) and mean lateral eye position (below) 
when independent step changes are given to target vergence and mean lateral 
target position. Spikes on records are stimulus artifacts; they indicate the instant 
a step change was given to the target function. 


conditions of y on the upper channel and ¢ on the lower one. It is seen that 
the lateral tracking mechanism for ¢’ and the vergence response mechanism 
for y’ each behaves in the manner typical of itself, quite independently of 
any changes occurring in the other. The response of either system is a 
normal one (Westheimer, 1954; Rashbass & Westheimer, 1961), whether 
its step stimulus occurs simultaneously with the stimulus to the other 
system, during the reaction time of the other system, or during the response 
of the other system. Since saccadic movements are so short, the question 
of a convergence stimulus during a saccadic movement is largely academic. 

Secondly, 4’ and y’ were each given sinusoidal movements at slightly 
different frequencies. This simulated the movement of a target performing 
a Lissajous figure in the horizontal plane. The target path, starting as an 
oblique line from far left to near right, passed through a series of quasi- 
ellipses of changing eccentricity and obliquity into an oblique line from 
far right to near left. The path returned in a similar fashion to the original 
state and the cycle of movements was then repeated. Again there was 
complete independence of the response mechanism of lateral eye tracking 
and vergence tracking. | 

One interesting special case occurs where the convergence component 
of the targets’ motion has a frequency of about 1 c/s. We have shown 
elsewhere (Rashbass & Westheimer, 1961) that under these conditions 
the eye vergence follows the target vergence for only a few cycles before 
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deteriorating into small irregular movements around the mean target 
vergence. In Fig. 2 is illustrated the response of 4 and y when ¢’ and ¥’ 
are oscillated at frequencies of 1 and 0-66 c/s respectively. Side-to-side 
tracking proceeds with its normal characteristics, but vergence tracking 
soon disappears. It follows that the vergence reponses and the smooth 
pursuit movements are subject to quite different limitations. 


3° 7 1 sec 

3° 


3° 

Fig, 2. Recording of eye vergence (above) and mean lateral eye position (below) 
when independent simple harmonic changes are given to target vergence and mean 
lateral target position. Note that lateral tracking movement continues unabated 
while eye ‘vergence, driven at a lower frequency, deteriorates. 


It might be argued that vergence and side-to-side eye movements are 
independent only when these two components are themselves independent 
simple functions. Finally, we imposed simple harmonic motions of slightly 
different frequencies on «, and a;,. This resulted in a Lissajous figure in 


' the horizontal plane passing through a series of quasi-ellipses from the 


mid-sagittal horizontal line to a line in a frontal plane. Once again vergence 
and tracking proceeded independently each in its characteristic manner. 

_Itis concluded that, along whatever path a target moves, the movement 
is resolved into two components corresponding to mean target position 
and target vergence, respectively, and that appropriate responses to these 
components are made by two independent systems. 


SUMMARY 


1. A spot target was presented to each eye and the two targets were 
moved to give simultaneous independent stimuli for lateral and for con- 


. vergence movements. The stimuli were sinusoidal and square-wave forms. 


2. The mean eye position follows the mean target position according 


_to the characteristics of visual tracking and simultaneously the eye- 


vergence response follows the target vergence according to the charac- 
teristics of vergence movements. 

3. No interaction between the mechanisms was observed; each can 
accept and respond to stimuli irrespective of whether the other is being 
stimulated, is within a reaction time, is responding, or is suffering overload. 

4. All target movements are resolved into a vergence and a side-to-side 
component, even when a resolution into right and left eye components 
would be simpler. 
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THE EFFECT OF NEURONAL REST ON THE OUTPUT OF 
SYMPATHETIC TRANSMITTER FROM THE SPLEEN 


By G. L. BROWN, B. N. DAVIES* anp C. B. FERRY 


From the Department of Physiology, University College London, 
and the University Laboratory of Physiology, Oxford | 


(Received 5 July 1961) 


Brown & Gillespie (1957) studied the output of sympathetic transmitter 
in the venous blood from the spleen of the cat resulting from stimulation 
of the splenic nerves. They showed that the output depended upon the 
frequency of stimulation, being maximal at 30/sec, and falling away at 
higher and lower frequencies. No noradrenaline could be detected in the 
venous blood at frequencies lower than 10/sec. The administration of the 
adrenergic blocking agents dibenamine and dibenyline increased the out- 
put at all frequencies below 30/sec, The explanation suggested for these 
results was that combination with tissue receptors precedes the metabolic 
removal of liberated noradrenaline; at frequencies below 10/sec the un- 
poisoned receptor mechanism can remove all the liberated noradrenaline, 
and so none can be detected in the venous effluent. At frequencies between 
10 and 30/sec increasing amounts overflow into the circulation because the 
receptor mechanism is swamped. The administration of a blocking agent 
prevents the uptake of transmitter by the tissue, and the noradrenaline 
then appearing in the venous blood gives a measure of the amount 
liberated by the nerve endings. It is therefore possible by measuring 
the amount of transmitter in the venous blood, before and after a blocking 
agent is given, to determine, for any frequency of stimulation, the amount 
of transmitter liberated, the amount taken up by the tissue, and the 
amount normally overflowing. 

- Some experiments made for another purpose suggested that previous 
activity might modify the amount of the transmitter overflowing when the 
nerves were stimulated. It had been found, for instance, that a first group 
of stimuli at 30/sec given to the nerve after a rest of 1-1} hr yielded 
450 pg/stimulus, whereas a second, given 10 min later, produced an over- 
flow of 1025 pg/stimulus (mean of 5 observations). These experiments led us 
to think that interruption of the normal constant centrifugal discharge of 
the sympathetic neurones might alter the peripheral processes of liberation 


* Present address: Department of Physiology, The Medical College of St Bartholomew’ 8 
Hospital, Charterhouse Square, London, E.C. 1. 
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and uptake of transmitter and yield information on the changes under- 
lying the well-known sensitizing effect of decentralization. The innervation 
of the spleen by post-ganglionic fibres, with a cell station in the coeliac 
ganglia, provided an opportunity of studying the effect of resting the 
neurones by cutting the splanchnic nerves and so decentralizing them. 
Rest in this way has been found to modify the overflow of transmitter into 
the venous blood, but the picture is complicated by even greater changes 
in the amount of transmitter liberated by the nerve endings and in the 
amount of liberated transmitter taken up by the effector cells of the spleen. 


Preliminary accounts of some of this work have already been published 


(Brown, Davies & Ferry, 1959; Brown, 1960). 


METHODS 


Cats were used for all the experiments on the spleen. Before the operation to decentralize 
the spleen, the animal was given 1 mg atropine sulphate by subcutaneous injection and 
then anaesthetized with ethyl chloride and ether. The left splanchnic major nerve and 
usually one or more minor nerves were divided through an incision in the left flank, with 
strict aseptic precautions. In the subsequent experiment, between 19 hr and 6 days later, 
the cat was anaesthetized with ethyl chloride and ether and then chloralose 80 mg/kg was 
given intravenously. The abdomen was opened in the mid line and the splenic nerves were 
dissected off the splenic artery and tied. The arrangements for nerve stimulation, for collec- 
tion of blood and for the assay of its noradrenaline content on the blood pressure of the 
completely pithed rat were identical with those described by Brown & Gillespie (1957). 

Section of the left splanchnic major nerve almost completely decentralizes the post- 
ganglionic neurones to the spleen. In four experiments stimulation of the left splanchnic 
major nerve at 30/sec gave a mean output of noradrenaline of 1014 pg/stimulus. This figure 
is within the normal range of output when the splenic nerves are stimulated at this frequency. 
Stimulation of the right splanchnic major nerve in the same animals gave a mean output of 
224 pg/stimulus. Hence the left splanchnic provides 80% of the pre- ~pengiionic fibres 
supplying the spleen. 

In all experiments division of the splanchnic nerve was confirmed by. post-mortem 
examination. 

The adrenergic blocking agents used in the investigation were: dibenyline, dthenavline 
(N-phenoxyiso-propyl-N-benzyl-8-chloroethylamine) 10 mg/kg by intravenous injection; 
hydergine (Sandoz; a preparation of dihydro-ergocornine, dihydro-ergocristine and dihydro- 
ergokryptine) 0-5 mg/kg by intravenous injection; phentolamine {Rogitine, Ciba; (2-N-p- 
tolyl-N-m-hydroxyphenyl-a thyl)-imidazoline metha i ate) was used in 
one experiment only. 


RESULTS 


Overflow of transmitter in normal animals, All the experiments described 
in this paper have been made with two frequencies of stimulation only, 
30/sec which gives maximal overflow, and 10/sec which gives the least 
detectable overflow of noradrenaline in the venous blood. The figures we 
have obtained differ a little from those published by Brown & Gillespie. 


but have not substantially changed the characteristic output—frequency 
curve (Fig. 1 and Table 1). 
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The effect of adrenergic blocking agents in normal animals. The effect of 
the blocking agents dibenamine and dibenyline on the output of nor- 
adrenaline was investigated by Brown & Gillespie, who gave them 24 hr 
before an experiment and report only two experiments in which dibenyline 
was given in the course of an acute experiment. We have now accumulated 
a number of results in which dibenyline or other blocking agents were given 
either immediately after adrenalectomy or immediately after the first 
stimulation sample had been collected. In both instances half to one hour 
“was allowed to — before sampling was continued, 


TaBLE 1, Overflow of noradrenaline from the eee on stimulation of the 
splenic nerves with 200 shocks 


Brown & Gillespie (1957) Recent results 
: 8.E. No. of 8.E. No. of 
Frequency Mean of mean expts. Mean of mean expts. 
10/sec 166 20 14 169 28 25 
30/sec 985 115 23 841 61 36 
3 
E 
10 20 30 50 60 70 80 90 100 
Stimuli/sec 


Fig. 1. Relation between overflow of noradrenaline and frequency of stimulation 
of the splenic nerves in normal animals. Each point shows the mean and s.£. of 
mean of several experiments. Points other than at 10 and 30/sec are from Brown 
& Gillespie (1957). For further details see Table 1. 


At 30/sec there is a small, just significant increase, but at 10/sec the out- 
put in the venous blood is increased by a factor of nearly ten to give the 


- high figure of 1710 pg/stimulus (Fig. 2, Table 2). This output after blocking » 


agents we have taken to represent the liberation of noradrenaline by the 
nerve endings. 
We have carried out experiments with two other adrenergic blocking 
agents, hydergine and phentolamine. The results of one experiment with 
24 Physiol. 159 
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hydergine are shown in Fig. 3. In this experiment hydergine 0-5 mg/kg 
was given between groups of 200 stimuli at 10/sec and 30/sec. The output 
at 10/sec is raised to that of 30/sec. This pattern of output is what we 
expect when dibenyline is used. In our more recent experiments we have 
used hydergine regularly, as it has the advantage over dibenyline of 
quickly producing a nearly complete block to nerve stimulation. A sample 


TasLE 2. The liberation of noradrenaline from the spleen on stimulation of 
_ the splenic nerves after dibenyline or hydergine 


Brown & Gillespie (1957) Recent results 
No. of S.E. No. of 
Mean expts. Mean of mean expts. 
1220 10 1710 280 8 
778 5 1060 132 14 
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20 30 40 50 60 70 80 90 100 
Stimuli/sec 
Fig. 2. Effect of adrenergic blocking agents on output of noradrenaline from the. 
spleen with stimulation of the splenic nerves at 10 and 30/sec, indicated by the two 
single points. The interrupted line shows the normal overflow curve. For further | 
details see Table 2. 
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can therefore be taken 10 min after administration of hydergine, whereas 
30 min must be left between administering dibenyline and taking the next 
sample, during which time the preparation may deteriorate. Bilateral 
vagotomy is necessary before the administration of hydergine, to abolish 
the vagal inhibition of the heart otherwise produced by the drug. 

In one experiment we used phentolamine intravenously in a dose of 
2-8 mg/kg. The results of this experiment are shown in Fig. 4, and it can 
be seen that the drug caused an elevation of the output at 10/sec in a way 
similar to the other adrenergic blocking agents. 


1000 1000 


30 
10 800 
3 600 3 
b= | 
E 
40 
H 
| 
n 30 mi 
Fig. 3 | Fig. 4 


Fig. 3. Cat 3-5 kg. Output of noradrenaline from the spleen in response to groups 
of 200 stimuli to the splenic nerve. The figures at the top of each block indicate the 
frequency of stimulation. The plasma volume of each sample is given below the 
abscissa. Between the third and fourth samples hydergine 0-5 mg/kg was given by 
intravenous injection. | 


Fig. 4. Drawn as Fig. 3. Cat 1-7 kg. Output of noradrenaline after 200 stimuli 
at 10/sec. Between the second and third samples phentolamine 2-8 mg/kg was © 
given intravenously. 


| The effect of newronal rest 

Effect of rest on the overflow at 30/sec. When the abdomen was opened 
19 hr to 6 days after cutting one or both major splanchnic nerves the 
spleen was seen to be large and engorged with blood.’ Stimulation of the 
post-ganglionic trunk caused a vigorous contraction and expulsion of blood 
with a high cell volume. When the overflow of noradrenaline with stimula- 
tion at 30/sec was determined, it was found to be significantly lower than 
the normal. In normal cats the overflow of noradrenaline from the spleen 


is 841 pg/stimulus (s.z. 61); in the 29 rested animals it was 394 pg/stimulus 
24-2 
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(s.z. 30). This is illustrated in Fig. 5. It appears that section of the left 
splanchnic major nerve is sufficient to produce these effects. In 5 of the 
29 experiments the splanchnic major nerves on both sides had been cut; in 
other experiments the left splanchnic minor and minimus had been cut as 
well as the left splanchnic major. There was no difference in the results 
attributable to section of nerves in addition to the left splanchnic major. 


1000 


100 
Stimuli/sec 


Fig. 5. Overflow of noradrenaline from the spleen when the splenic nerves were 
stimulated at 10/sec and 30/sec in the decentralized preparation. Interrupted line 
shows the normal overflow curve. For further details see text. 


Effect of rest on the overflow at 10/sec. Having found that rest caused a 
decrease in the overflow of noradrenaline when the nerves were stimulated 
at 30/sec, we expected that the overflow at 10/sec would be very small 
indeed. In six experiments, however, the initial overflow was 148 pg/ 
stimulus (s.z. 100). This point is also shown in Fig. 5, superimposed on 
the normal overflow curve. It can be seen that there is no significant 
difference between the normal and the rested overflow at 10/sec. 

The reduction in output of transmitter in the rested preparation is not 


due to any general effects of the previous operation nor to treatment of the © | 


animal with atropine or anaesthetics. In one animal, for instance, the left 
splanchnic nerve was not cut because of haemorrhage, and 24 hr later the 
output at 30/sec was 1000 pg/stimulus before, and 1100 pg/stimulus 1 hr 
after the administration of dibenyline, figures well within the norma! 
range. In another animal the right splanchnic was divided and the left 
was sought, but not found. Four days later the output at 30/sec was 
600 pg/stimulus. After 1000 stimuli at 30/sec the output remained at 
600 pg/stimulus. This behaviour is characteristic of a normal mnrested 
preparation with an output somewhat below the mean. 
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The diminution from the normal values of the overflow at 30/sec in the 
rested preparation could have been due either to diminished liberation of 
transmitter or to increased uptake by the tissue. The fact that there was 
no change in the overflow at 10/sec gave no clue to the cause of the reduc- 
tion at 30/sec, and the only means of testing the point was to use blocking 
agents and thereby gain some information on the effect of rest on the 
_amount of transmitter liberated. | 

Effect of adrenergic blocking agents on the output after rest. The administra- 
tion of a blocking agent to a rested preparation showed that the liberation 
of noradrenaline after rest is greatly in excess of the normal. In 12 experi- 
ments the splenic nerve was tied as soon as the animal was anaesthetized 
with chloralose, and a blocking agent was given at a suitable time after 
adrenalectomy. In 7 cats the first stimulation was at 10/sec and the 
liberation was 3060 pg/stimulus (s.£. 465). In the other 5 animals the first 
stimulation was at 30/sec and the liberation was 1800 pg/stimulus (s.z. 
206). The normal values for the liberation of noradrenaline are 1710 pg/ 
stimulus at 10/sec and 1060 pg/stimulus at 30/sec. These points, together 
with the normal overflow curve, are shown in Fig. 6. 

We conclude from these experiments that resting the post-ganglionic 
neurone leads to an increase in the amount of noradrenaline liberated per 
stimulus and also to an increase in the capacity of the tissue to take up the 
transmitter. At 30/sec the increase in liberation is less than the increase in 
uptake, and therefore the overflow falls. At 10/sec the increases in libera- 
tion and in uptake are about the same and the overflow, in consequence, is 
unchanged. 7 

The background pressor activity of plasma. Furchgott (1959) has sug- 
gested that the elevation of the output from the spleen after dibenyline 
might be due to the release by the drug of noradrenaline from the nerve 
endings. During our experiments we have taken a number of samples of 
splenic venous blood in the absence of stimulation of the splenic nerves and 
assayed this background pressor activity in terms of noradrenaline. The 
initial venous control sample at the beginning of every experiment usually 
contains some substance with a pressor activity equivalent to about 10— 
20 ng noradrenaline/ml. The active substance in this sample is probably 
not noradrenaline, as it has a slow, long-lasting effect on the blood pressure 
of the pithed rat.- During an experiment in the absence of blocking agents. 
the background pressor activity gradually increases to about 30 ng/ml. 
- and resembles that of catecholamines. We assume this additional activity 
_ to be produced by sympathetic activity in a deteriorating preparation 
which is being gradually exsanguinated during the experiment (cf. Brown, 
Davies & Gillespie, 1958). 

If a blocking agent is administered, the background activity rises ina 
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Fig. 6. Liberation of noradrenaline (mean and s.z. of mean) in the decentralized ef 
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overflow curve. For further details see text. d 
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similar way. After the administration of dibenyline an interval of at least _ 
30 min was allowed to elapse before continuation of the experiment. 
During this time the background activity rose again to about 30 ng/ml. 
The use of hydergine allowed sampling to be resumed 10 min after ad- 
ministration of the drug, and the rise of background activity was usually 
absent or very small. Venous control samples taken some time after the 
administration of this drug showed a rise similar to that occurring after 
dibenyline. The rise in background pressor activity at various times after 
administering blocking agents is thus closely similar to the rise in their 
absence. We have therefore no reason to suppose that release of noradrenal- 
ine by the blocking agents is a significant factor in these experiments. 

Effect of a conditioning train of stimuli on the overflow after rest. It 
seemed to us that, if the effects described above were due to the cessation 
of the normal discharge in the post-ganglionic pathways, a conditioning 
train of stimuli ought to return the transmission mechanism*towards the 
normal. This proved to be the case, and we have found that the low initial 
overflow at 30/sec can be raised by further stimulation. The application of 
the standard sampling group of 200 stimuli alone has a definite effect, and 
the second sample always contains more noradrenaline than the initial 
sample, an effect referred to in the introduction to this paper. A more . 
dramatic way of elevating the overflow is to give a conditioning train of 
1000 stimuli at 30/sec. In five experiments the mean initial overflow at 
30/sec was 381 pg/stimulus. After a train of 1000 stimuli at the same 
frequency the second mean overflow was 936/stimulus. One of these 
experiments is illustrated in Fig. 7. 

It appears from these experiments that the effects of rest on the over- 
flow at 30/sec can be removed by a period of stimulation of the nerves. 
The change could be due either to an increase in the liberation or to a 
reduction of uptake to within normal limits. This was tested by treating 
rested preparations with dibenyline ab initio and measuring the overflow 
with 200 stimuli, before and after 1000 stimuli at 30/sec. The results we 
obtained were not entirely conclusive, but in the few satisfactory experi- 
ments there was a small reduction in the liberation. It would appear there- 
fore that the chief effect of 1000 stimuli is a reduction i in uptake by the 
tissues. 

Experiments with ganglionic blocking aainaa: We thought it might be 
possible to rest the post-ganglionic nerves to the spleen by the use of 
ganglionic blocking agents. Two drugs were tried, pentolinium tartrate — 
(Ansolysen; May and Baker), and chlorisondamine (Ecolid; Ciba). These 
are reported to block ganglia maximally for 4 and 8 hr respectively. We 
injected them subcutaneously in doses of 3 mg/kg and used the nictitating 
membrane as an indicator of the state of block. With chlorisondamine the 
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nictitating membranes were relaxed across the eyes within 10 min of the 
- injection and remained so for about 6hr. After this time the block 
gradually wore off, and we could therefore not keep a cat blocked over- 
night. We found that the effect of a subcutaneous injection could be 
prolonged up to 16hr by injecting chlorisondamine (4 mg/kg) in alu- 
minium stearate in arachis oil. 

In four experiments in which the block had been effective for 20-24 hr 
there was a clear reduction in the initial output of transmitter in response 
to 200 stimuli at 30/sec, the mean value being 270 pg/stimulus, and in all 
these experiments the outputs could be increased either by a conditioning 
train of stimuli at 30/sec or by dibenyline. In experiments in which the 
block was in operation for under 4 hr there was no evidence of any lowering 
of the initial output, and conditioning stimulation did not cause a signifi- 
cant increase in output. With periods of block between 4 and 20 hr the 
results were equivocal, the effect sometimes being evident and at other 
times absent, with no obvious relation to the duration of the block. 

Effect of injecting noradrenaline into the spleen. Resting the post- 
ganglionic neurones to the spleen reduces the initial overflow of noradrenal- 
ine when the nerves are stimulated at 30/sec. We have interpreted this 
reduction as being mainly due to a temporary increase in the ability of the 
tissue to take up the transmitter. This increased avidity of the tissue can 
be returned towards normal by a conditioning train of stimuli. Theoretic- 
ally a close-arterial injection of noradrenaline into the spleen should satisfy 


this avidity and increase the overflow of noradrenaline on subsequent 


stimulation of the splenic nerve. 

We therefore measured the initial overflow of transmitter at 30/sec and 
then injected noradrenaline into the spleen through a cannula in the 
hepatic artery. Ten minutes later the usual 200 stimuli at 30/sec were given 
and the overflow of noradrenaline determined. Ten micrograms of nor- 
adrenaline in 1 ml. of saline was used as the standard injection, since this 
amount caused approximately the same degree of contraction of the spleen 
as stimulation of the splenic nerves. These experiments proved rather un- 
satisfactory ; the overflow in the second and third samples was greater than 


in the initial sample, but the results were almost identical with the controls. 


in which the injection of noradrenaline was omitted. A possible cause of 
our failure to raise the reduced output is that the injection of such a large 
quantity of noradrenaline into the spleen caused a prolonged contraction, 
presumably through some of the noradrenaline being trapped in the closed 
vessels, and the blood flow, in consequence, was poor during the collection 
of the first, crucial sample after the injection. Smaller doses of noradrenal- 
ine had little effect on the spleen or on the overflow with a subsequent 
stimulation. 
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The nature of the transmitter liberated after rest. The transmitter liberated 
from normal splenic nerve endings is mainly noradrenaline (Peart, 1949; 
Mann & West, 1952; Brown & Gillespie, 1957), the adrenaline content 
being seldom more than 10% (Mirkin & Bonnycastle, 1954). It is con- 
ceivable that in the rested neurones a greater proportion of adrenaline 
might be present in sympathin released on excitation. As the pithed rat is 
less sensitive to adrenaline than to noradrenaline, a change in the ratio of 
the two substances in the venous effluent might explain some of our results. 
In one experiment in a cat 3 days after section of the left splanchnic nerves 
_hydergine was administered and the splenic nerve was stimulated at a 
frequency of 30/sec. The plasma was treated so as to separate catechol- 
amines (Vogt, 1952) and adrenaline was assayed on the carbachol- 
stimulated rat uterus (Gaddum & Lembeck, 1949), the noradrenaline being 
estimated in the usual way. The results showed that the sympathin liberated 
from rested neurones contained about 11° adrenaline. We conclude that 
resting the neurones does not alter the nature of the liberated transmitter. 

The pattern of outflow of transmitter. The decentralized spleen contracts 
more vigorously in response to stimulation of the splenic nerves than does 
the control. It is possible that this might alter the time relations of outflow 
of transmitter, and the standard sampling time—the period of stimulation 
+20 sec—might not allow collection from the rested preparation of the 
same proportion of total outflow as in the normal. We have found that the 
outflow pattern of the rested preparation does not differ significantly from 
the normal, and that 85-95°% of the total outflow appears within the 
standard sampling time. 

Effect of duration of rest. It has been shown by Govaerts (1935, 1939) and 
_ by McLennan & Pascoe (1954) that spontaneous activity of decentralized 
ganglion cells begins after 3 days and is fully developed 7 days after pre- 
ganglionic section. The following figures show the number of experiments 
performed with different periods of rest: 

Duration of rest in days aN 1 2 3 4 & <8 

The decrease in overflow at 30/sec was fully developed after 24 hr rest; 
no difference could be detected with durations of rest up to 6 days. 


DISCUSSION 
The normal preparation 
The experiments that have been recorded in this paper have confirmed 
and extended those of Brown & Gillespie (1957) and have strengthened the 
evidence on which they based their conclusion that noradrenaline liberated 
from nerve endings is inactivated after combination with tissue receptors. 
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Inhibitors both of aminoxidase and of o-methyltransferase (Bacq, Brown 
& Ferry, 1960) are without effect on the overflow of the liberated trans- 
mitter, and a variety of substances with the common property of blocking 
adrenergic receptors have identical and dramatic effects on the overflow 
of noradrenaline. The hypothesis put forward by Furchgott (1959) that 
dibenyline might owe its effect not to its blocking action but to an in- 
hibition of some unknown enzyme system would appear to be untenable, 
unless the enzyme is identical with the receptive substance for noradrenal- 


rates are expressed in ng/sec 
N ormal Rested 
Liberation Uptake Liberation Uptake 
Frequency (a) (b) bja (a) () bja 
10/sec 17 15 0-88 31 29 0-94 
30/sec 32 7 0-22 54 42 0-78 


We have assumed that the output of noradrenaline in the absence of a 
blocking agent represents the overflow of transmitter, and that the output 
in the presence of a blocking agent represents the amount of transmitter 
' liberated from the nerve endings. This cannot be strictly true because none 
of the blocking agents that we have used has produced a complete block to 
nerve stimulation, although, as is well known, the block to injected 
noradrenaline is total. We have no means of determining what proportion 
of the amount liberated is still taken up by the receptors, but it is likely 
to be small since Nickerson (1956) has shown that a maximal contraction 
of smooth muscle to histamine can be produced by a dose occupying not 
more than 1 % of the receptors. 

From the figures of liberation and overflow the amount and rate of 
uptake of noradrenaline by the receptive substance can be calculated 
(Table 3). It is clear that at 30/sec the uptake is depressed, although the 
rate of liberation is twice what it is at 10/sec. This state of affairs is 
reminiscent of the desensitization of cholinergic receptors by the ionto- 
phoretic application of acetylcholine (Katz & Thesleff, 1957; Axelsson & 
Thesleff, 1958) or by repetitive stimulation of the motor nerve (Thesleff, 
1959), and their suggestion that excess transmitter may inactivate the 
receptor fits well with our findings. 

Brown & Gillespie (1957) thought that the becation of noradrenaline 
per stimulus was probably constant from low frequencies up to 30/sec. 
Our more complete results with blocking agents show that the liberation 
per stimulus at 10/sec is considerably higher than at 30/sec. Unfortunately 
our experimental technique has not allowed accurate measurements at 
frequencies below 10/sec, but it would appear that from 10/sec to 30/sec 
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and beyond there is a steady decline of liberation. This is probably due to 
prejunctional failure, since the trunks we were stimulating were C fibres 
of small diameter, and even in the frog’s skeletal muscle—nerve preparation 
prejunctional failure occurs when frequencies of stimulation much above 
10/sec are used (Krnjevié & Miledi, 1958, 1959). 


The effect of rest 


Decentralization for 24 hr of the post-ganglionic neurones supplying 
the spleen has been shown to bring about both an increased liberation of 
transmitter when the nerves are exposed to a short train of stimuli and 
an increased capacity of the receptive mechanism to take up the liberated 
transmitter. The peripheral sensitization both to nerve stimulation and 
to injected drugs does not reach its maximum until rather later (cf. Cannon 
& Rosenblueth, 1949), but we have avoided using longer periods than 
6 days because of the possibility of the early re-innervation of the coeliac 
ganglion from adjacent cholinergic neurones. 

The majority of our experiments have been done on animals 24 hr after 
splanchnic section, but we could find no evidence of a diminution of the 
effect of decentralization in animals examined up to 6 days after nerve 
section. It would appear, therefore, that the spontaneous discharge of the 
ganglion cells, to which we have already referred, has had no significant 


_ effect. We have shown that 1000 stimuli at 30/sec can abolish the effect of 


rest, but some experiments at present in progress suggest that stimulation 
at lower frequencies may be quite ineffective. It is possible, therefore, that 
removal of the effect of rest requires the presentation to the uptake | 
mechanism of noradrenaline at a high rate. If this is so, it would explain 
the absence of effect of the irregular and infrequent spontaneous discharge 
and possibly also our failure to raise the rested overflow with injections of 
noradrenaline. 

The doubling of the uptake of transmitter that we have observed 
suggests that the elimination of centrifugal impulses to the spleen brings © 
about, in the smooth muscle cells, an increase in the area of receptive sub- 
stance capable of taking up transmitter, just as denervation evokes a 
spreading of the area sensitive to acetylcholine in skeletal muscle (Axelsson 
& Thesleff, 1959; Miledi, 1960). A similar increase in receptor area can be 
produced in skeletal muscle by blocking conduction with botulinum toxin 
(Thesleff, 1960), and smooth muscle is sensitized to noradrenaline by 
reducing its noradrenaline content with reserpine (Burn & Rand, 1958), or 


_ by preventing the liberation of transmitter with bretylium (Green, 1960). 


There is clear evidence, however, that decentralization of the spleen for 
3~14 days does not alter either its catecholamine content or the adrenaline: 
noradrenaline ratio (Rehn, 1958). The great increase in the amount of 
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transmitter liberated when the nerves of a rested preparation are eventu- 
ally stimulated makes it probable that neuronal rest produces an accumu- 
lation of transmitter at the nerve endings, and it is possible to envisage a 
neuromuscular junctional apparatus, composed of nerve endings and 
receptive substance in close apposition, with a constant noradrenaline 
content, the partition between ending and receptor being controlled by the 
number and frequency of nerve impulses reaching the ending. Such a con- 
ception implies that when an amount of transmitter is liberated it com- 
bines with a given area of receptive substance or given number of receptors, 
activates the tissue and then remains for an appreciable time in combina- 
tion with the receptors, which, as a result, are rendered inaccessible to 
further doses of transmitter. The easy reversibility of the effects of rest by 
1000 stimuli at 30/sec is compatible with this view and particularly so since 
the effects of stimulation are of relatively long duration. A single train of 
1000 stimuli abolishes the effect of rest, and if this is reinforced at 10 min 
intervals by groups of 200 stimuli for testing purposes, the preparation in 
an experiment lasting some hours never reverts to the rested state. We 
have some evidence that a rest of 1 hr can produce a reduction in trans- 
mitter overflow, but at least 12 hr must elapse before the reduction is 
beyond question. This implies that the processes responsible for removal of 
transmitter from the receptors take some hours to be effective and yet, 
during this period, the cells with some receptors occupied can still respond 
to further liberations by the nerve. These observations are compatible with 


Paton’s (1961) suggestion that it is the ‘rate of uptake of agonist’ by 


receptors which determines activity of the effector cell and not the occupa- 
tion per se of receptive sites. : 
SUMMARY | 
i. The output of noradrenaline from the spleen ‘of the cat under 


chloralose in response to maximal excitation of the splenic nerves has been | 


studied further. 
2. The observation of Brown & Gillespie (1957) that adrenergic block- 
ing agents (phenoxybenzamine) elevated the output of transmitter has 


been confirmed and extended.to other blocking agents, hydergine and. 


phentolamine. The output at a frequency of stimulation of 10/sec is 
increased by a factor of 10 and that at 30/sec is just significantly increased. 


3. It is assumed that the output after blocking agents represents the. 


amount of transmitter liberated and the output without. a blocking agent 
represents the overflow. From these two values the tissue uptake can be 
determined. 

4. At frequencies of stimulation of 10/sec 90% of the liberated trans- 
mitter is taken up by the tissue. At 30/sec the rate of liberation is twice that 
at 10/sec but only 28% of the liberated transmitter is removed by the tissue. 
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5. Degenerative section of the left splanchnic nerve decentralizes 80% 
of the post-ganglionic neurones supplying the spleen. 

6. When the splenic nerve is stimulated at 30/sec 19 hr to 6 days after 
splanchnic section, the overflow of noradrenaline is reduced by half. At 
10/sec the overflow is unchanged. 

7. The liberation of transmitter (measured after blocking agents) is 
doubled at 10/sec and nearly doubled at 30/sec. The depression of overflow 
therefore is due to a great increase in the uptake transmitter by the 
tissue. 

8. The depressed overflow at 30/sec can be restored by stimulation of 
the splenic nerve with a train of 1000 stimuli. 

9. The effects of splanchnic section can be reproduced with sinaiienis 
blocking agents. 

10. Neuronal rest, therefore, appears to cause an accumulation of trans- 
mitter at the nerve endings and to give rise to a greatly increased capacity 
of the innervated tissues to take up liberated transmitter. 


This work was carried out during the tenure of M.R.C. scholarships by two of us (B.N.D. 
and C.B.F.) and of an M.R.C. grant for Scientific Assistance (G.L.B.). We wish to thank 
Mrs C. Edwards and Mrs H. Parsons for technical assistance. We are grateful to Mr W. G. 
Bradley for the assays of plasma for adrenaline, and to Dr T. D. Whittet for the preparations 
of ganglion blocking agents. 
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ON THE BRONCHOCONSTRICTOR EFFECT OF SEROTONIN. 
BRONCHOGRAPHIC STUDIES ON RABBITS 
AND GUINEA-PIGS 
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From the Department of Anatomy, University of Helsinki, and 
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(Received 24 October 1960) 


Serotonin is known to be an effective bronchoconstrictor in animals 
(Herxheimer, 1953; Konzett, 1956; Balzer, Greef & Westermann, 1956). 
In man a clinical sign of this action is the fact that patients suffering from 
metastasizing carcinoid tumour often have asthmatic attacks; and 
Herxheimer (1955) found that although inhalation of serotonin aerosol in 
four normal cases had no effect, in three out of six asthmatics it elicited 
severe asthmatic attacks which were abolished by iso-propyladrenaline. _ 

The observations made on the bronchoconstrictor action of serotonin 
have been based on indirect measurements. But it is a straightforward 
procedure to render the bronchial tree of test animals visible by the methods 
of clinical bronchography with radio-opaque substances; this technique 
has therefore been used to demonstrate the effects of serotonin on the 
bronchi. 

METHODS 

Twenty rabbits and fifteen guinea-pigs were used. Sixteen rabbits were anaesthetized 
with urethane intravenously, four with ether; all the guinea-pigs were anaesthetized with 
ether. 

Most of the animals examined received reserpine (7 mg/kg) 24 hr before the experiment 
in order to abolish the effects of the natural stores of serotonin. 

The trachea of the anaesthetized animal was exposed, and a polythene catheter introduced _ 
into it. The contrast agent used was Dionosil Aqueous (Glaxo Laboratories, Ltd.). In some 
experiments (see Table 1) serotonin was administered through the catheter before the 
injection of the contrast agent; in other experiments serotonin was administered intra- 
venously. After the lungs had been filled with the contrast agent by letting it flow freely © 
into the lungs while the animal was turned about, the trachea was tied and the lungs were 
removed. 

The lungs were radiographed with a Siemens’ Ane-aeaebietl tube equipped with a copper 
anode at 30 kVp, with Crystallex (Kodak) fine-grain X-ray film developed in D 76 fine-grain 
developer. This technique allowed a magnification by about ten diameters, 
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TABLE | 
Premedication, 
reserpine 
No. and 7 mg/kg 
species of intramusc. 
24 hr before Mode of 
used expt. ~ anaesthesia Serotonin Result 
2 rabbits No Ether No Slight bronchospasm 
2 rabbits No Ether 6 mg/kg I.v. Slight 
3 rabbits No Urethane 1.v. No No bronchospasm 
2 rabbits No _ Urethane t.v. 6 mg/kg 1.v. No bronchospasm 
3 rabbits Yes Urethane t.v. No No bronchospasm 
4 rabbits Yes Urethane 1.v. 6 ingle endo- No bronchospasm 
4 rabbits Yes Urethane 1.v. 6 ‘mg/kg endo- No bronchospasm 
3 guinea-pigs No Ether No Moderate filling, 
some bronch 
6 guinea-pigs Yes Ether 1-12 mg/kg t.v. Severe broncho- 
constriction 
6 guinea-pigs Yes Ether 1-10 mg/kg Severe broncho- 
| endobronch. constriction 
RESULTS 


Table 1 summarizes the resulta, The guinea-pigs anaesthetized with 


ether and the rabbits anaesthetized with urethane or ether differed in their 


reactions to serotonin. Bronchoconstriction could be readily. produced in 
the guinea-pigs, whether serotonin was given intravenously or endo- 
bronchially, and severe bronchospasm occurred (PI. 1, fig. la). A normal 
bronchogram in the guinea-pig is shown for comparison in fig. 1b. In the 
rabbit under urethane, however, no bronchospasm could be evoked whether 
the animal was pre-treated with reserpine or not, or whether the serotonin 
was given into the bronchi or intravenously (Pl. 1, fig. 2). In the rabbit 
under ether a moderate bronchospasm could be induced (PI. 1, fig. 3). 


DISCUSSION 


The aim of this work was to render visible the effect of serotonin on the 
bronchial tree of test animals. In the rabbit under urethane, serotonin had 
little action whether the animal was pre-treated with reserpine, to deplete 
its natural stores of serotonin, or not. Geiger & Alpers (1957) have shown 
that the contraction of smooth muscle by serotonin is antagonized by 
urethane; this may well explain our results on the rabbit under urethane. 
In the two experiments where ether anaesthesia was used in rabbits, 
serotonin given endobronchially or intravenously caused some, though only 
moderate, bronchoconstriction. The lungs of the rabbit contain relatively 
high amounts of serotonin. This could make the bronchi rather resistant to 
serotonin administered. The natural stores of serotonin in the lungs of 
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guinea-pigs are lower than those of rabbits (Weissbach, Waalkes & 
- Udenfriend, 1957). In accordance with this fact was the striking broncho- 
constriction caused by endobronchially or intravenously administered 
serotonin. 

The bronchoconstrictor action of serotonin could thus be clearly demon- 
strated radiographically, and to some extent localized in the respiratory 
tract. The fact that it could be readily seen in etherized guinea-pigs, and 
only poorly or not at all in anaesthetized rabbits, conforms with the 
results of experiments with indirect methods by other authors (Schneider 
& Yonkman, 1954; Konzett, 1956). 


SUMMARY 


Reactions of bronchi to serotonin were examined with the aid of broncho- 
graphy in rabbits and guinea-pigs. Serotonin had little effect on the 
bronchi of rabbits. On guinea-pigs the bronchoconstrictor effect was 
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EXPLANATION OF PLATE 3 

Fig. 1. (a) Severe b onch triction in a guinea-pig under ether, induced by intravenously 

serotonin 1-2 mg/100g. Reserpine premedication 7 mg/kg. (6) Normal 

bronchography in a guinea-pig under ether. Reserpine premedication 7 mg/kg. No 


Fig. 2. Good filling, no bronchospasm in a control rabbit under urethane. No premedi- 
cation. Bronchography with Dionosil Aqueous. Identical pictures were obtained in rabbits 
injected with serotonin endobronchially or intravenously up to 6.mg/kg. 
Fig. 3. Slight bronchospasm in a control rabbit under ether. Reserpine premedication 
7 mg/kg. No serotonin. — : 
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DESENSITIZATION IN THE GUINEA-PIG BY ANAPHYLACTIC 
MICROSHOCK REPEATED AT DIFFERENT INTERVALS 


By E. STRESEMANN 
From the Asthma-Poliklinik, Free University of West-Berlin, Germany 


(Received 22 February 1961) 


After anaphylactic shock dogs remain refractory to the antigen for a 
_ few days (Richet & Portier, 1902). In guinea-pigs exposed to anaphylactic 
microshock (Herxheimer, 1952), sensitivity returns after an interval of 
3-7 days. The present experiments deal with the influence of varying the 
interval between repeated shocks on the sensitivity of guinea-pigs, and 
with the influence of the antigen concentration in the aerosol on the shock. 


METHODS 


Female guinea-pigs of 250-370 g were used. The animals were fed with both fresh and 
pellet food. They were sensitized with a 5% aqueous solution of dried egg albumin, which 
was injected on 3 consecutive days (2 ml. intramuscularly on the Ist and 3rd day, | ml. 
intraperitoneally on the 2nd day). After 3 weeks the animals were shocked for the first time 
by exposing them to aerosol of a 5% solution of egg albumin, according to the method of 
Herxheimer (1952). Subsequently the shocks were repeated at intervals of 1, 2, 3-4, or 
days. 

The anaphylactic microshock, which consists of severe asthmatic dyspnoea, develops 
30 sec—l hr after the beginning of exposure, according to the degree of sensitivity of the 
animals. The period required for its development, the pre-convulsion time, was measured with 
a stopwatch. The dyspnoea begins with an alteration of the breathing movements and of the 
respiratory rate. When it becomes severe, the abdomen shows deep inspiratory contractions, 
sometimes with a slowing of the rate. 

In some cases these deep abdominal inspirations are less obvious, and the respiratory rate 
quickens. In these cases a rhythmical up and down movement of the head occurs, caused by 
the action of the accessory respiratory muscles of the neck. At this stage the animals often 
begin to sneeze. When abdominal breathing becomes laboured or the head movements pro- 
nounced, the exposure must be interrupted, because otherwise clonic convulsions, collapse 
and fatal shock will follow almost immediately. Even if the exposure is interrupted at this 
moment, severe dyspnoea will continue for some time and convulsions may develop, but they 
seldom end fatally. 

If the animals are not fully sensitive, dyspnoea develops more gradually and the arrival 
of the pre-convulsion point—the point at which the exposure must be ended—is more diffi- 
cult to judge. For this reason we had two observers in order to reduce the possible error, 
which, with pre-convulsion times of 30-60 min, may be +200 sec. If no shock symptoms 
appeared after a 1 hr exposure, the animal was regarded as insensitive. 

Within 3 weeks after sensitization a fairly uniform sensitivity to egg white developed in 
almost all animals, pre-convulsion times varying from 30 to 175 sec. In most animals this 
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level of sensitivity remained stable for 2-3 months, but in some animals the sensitivity still 
increased during the first 3 exposures. It was assumed that in these.animals the full degree 
of sensitivity was attained only after 5 weeks. 

The sensitivity of the animals was expressed in terms of the reciprocal of the pre-convul- 
sion time; and each animal's initial sensitivity was taken as 100, since the animals varied 
somewhat. The figures for sensitivity are thus calculated as 


initial pre-convulsion time 
test pre-convulsion time 


x 100. 


Tables 1 and 2 showing these figures include the number of animals in the experiments (n), 
the mean reciprocal values of the sensitivity (7), and the standard error of the mean (S.E.). 
The expected means for the sensitivity are given by the trend lines on Fig. 1. Their calcula- 
tion is based on the assumption that with equal intervals between exposures sensitivity 
decreases at an exponential rate: H(7) = a+ bt; H(¥%) is the logarithm of the expected value 


- on the trend line, ¢ the time in days which have passed since the first experiment (¢ = 0), 


a and b are constants. As fort = 0 the expected value is 100 and its logarithm is 2, only the 
parameter 6 remains to be defined, which has been done according to the method of least 
squares. 

The influence of the concentration of antigen on the pre-convulsion time was investigated 
by using the method of Armitage, Herxheimer & Rosa (1952). A standard antigen concen- 
tration (egg albumin 5%) wad ‘ised ‘as control and compared with the effect of other. con- 
centrations. Guinea-pigs which had constant pre-convulsion times when shocked at weekly 
intervals were exposed first to the standard concentration, then, after one week, to a new 
concentration, then, after another week to the standard concentration again, and so on. 


The influence of any new concentration was calculated from the formula z = 100 (1—C/ T),. 
_where C is the mean of 2 control pre-convulsion times, T' the pre-convulsion time of the new 
concentration under investigation and x the effect of this concentration on the shock as a 


percentage of that of the standard concentration. In these experiments the variation for the 
pre-convulsion times in the animal groups was, for unknown reasons, less than in the experi- 
ments with varying intervals between exposures. A statistical evaluation for this variation 
was therefore omitted and the calculation based on the mean pre-convulsion times of the 
groups. 


RESULTS 
The effect of varying the interva between exposures 

With an interval of 1 day between exposures the sensitivity quickly 
decreases and the animals become practically insensitive on the sixth 
day (Table 1, Fig. 1).. With exposure on alternate days it takes almost 
double the time to reach this stage, and with exposure every third or 
fourth day the development becomes somewhat erratic. Desensitization 
at first progresses steadily, but from the 11th exposure onwards regresses 
several times—partial resensitization occurring—and even at the 19th 
exposure desensitization has not been achieved. It is doubtful whether, 
with continuing exposures at the same interval, desensitization would 
have been completed in the same way as with daily or alternate day 

exposure, 
When, after desensitization, the exposure intervals are increased to 7 or 
14 days, the sensitivity progressively increases again, particularly during 
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th 
1. Sensitivity of guinea-pigs 
1-day interval between exposures (mean initial pre-convulsion time of this 
group: 88 sec, variation 60-140 sec) i 
Date... 12.xi. 15.xi, 16.xi 17.xi. 19.xi. 
n ‘i 7 7 7 7 7 7 7 9 
y 100-0 49-7 297 22-6 1563 3°3 2-9 | 
8.E. 8-6 6:7 5-4 2-5 0-5 
Date... 26.xi. 3.xii. 10.xii. 24.xii. 
n 7 a 6 6 6 6 
7] 19-4 30-7 43-8 44-0 79°7 55-5 76-2 
8.E. 4-6 8-2 10-0 10-4 22-0 12-5 


2-day interval between exposures (mean initial pre-convulsion time of this 
group: 101 sec, variation 45-200 sec) 


Date 10.x. 12x. 14.x. 16.x. 18.x. 20.x. 23.x. 24.x. - «Oxi. 


Po n as 12 13 13 13 13 13 13 13 13 
| y 100 70-1 47-1. 874 26-2 17-2 10-0 3-8 21-2 48-8 


S.E. 4-0 3-0 18 1-7 0-6. 69 8-1 


3- or 4-day interval between exposures (mean initial pre-convulsion time of this 
group: 117 sec, variation 50-170 sec) 
Date 2.iv. 6.iv. iv. I13.iv. I6.iv. 20.iv. Q3.iv. 27T.iv. 30.iv. 4.v. 


Percentage of initial cencirivityv 


n 10 10 10 10 9 10 10 10 ee 9 

y 100 101-4 824 645 65:83 566 439 404 22:8 26-3 
19 8-9 99 10:2 5-2 7-0 5-0 5-2 
Date 8.v. Ll.v. 14.v. 19.v. 21.v. 25.v. 28.v. 

n 9 9 8 8 

y 50-0 409 29-3 370 260 182 186 220 25-4 

S.E. 98 8-9 7-0 8-4 6-9 4:8 71:3 9-6 


7-day interval between exposures (mean initial pre-convulsion time of this 
group: 97 sec, variation 65-120 sec) 
Date 12.xi, 19.xi. 26.xi. 3.xii. 10.xii. I7.xii. 24.xii. 31.xii. 7.i. 


n 10 10 10 10 10 10 10 10 10 
7] 100 90-4 99-0 93-8 94-7 100-0 94-5 431-2 101-5 mi 
8.E. 68 86 9-4 15-1 11-8 5-6 17-7 14-8 th 
7-day interval between exposures (old animals) (mean initial pre-convulsion time co 
| of this group: 180 sec, variation 115-390 sec) th 
Date 2.iv. 9.iv. I6.iv. 28.iv. 30.iv. 8.v. l4.v. 2i1.v. 28.v. to 
n FES 11 10 10 10 10 10 re 
y 100 92-3 86-5 80-2 52-9 81-4 51-3 44-1 45-9 
S.E. 14-9 16-4 16-0 11-0 12-8 15-6 82 93 
n, number of animals; 7, mean reciprocal values of the sensitivity; s.z., standard error 
of mean. 
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the first fortnight. After 5 weeks it has almost reached its original level, 
indicating that resensitization is now complete. ; 

_If exposures are repeated at weekly intervals, the sensitivity remains 
unchanged. This holds good, however, only for animals which have been 
sensitized recently. Those sensitized 2 or 3 months previously tend to show 
a gradual spontaneous loss of sensitivity (Table 1, lowest group). 


+000034 


0.00622 


20 


Percentage of initial sensitivity 
= 


— 022620 


0 7 
Time (days) 


Fig. 1. Effect of varying the interval between exposures: @, daily exposures; 
A, exposures on alternate days; O, 3- or 4-day intervals; x, 7-day intervals; 
@, 7-day intervals (old animals). At the end of each regression line is given the 
value of the constant b, the slope of the line. Sémi-log. scale. 


The individual reactions of the animals vary considerably. There are 
_ guinea-pigs whose pre-convulsion times remain practically unchanged for 

more than 18 months if they are exposed every week. We have observed — 
three such animals out of about 150, whilst in-most of the others the pre- 
’ convulsion time tends to increase 3 months after sensitization, and in a few 
this spontaneous desensitization starts immediately after the first exposure 
to anaphylactic shock. Between these extremes various intermediate 
reactions exist. } 


The effect of varying antigen concentration 
The antigen concentration in the aerosol had a definite influence on the 
pre-convulsion time, which is shown with its logarithmic regression line in 
Fig. 2. In this figure the effect of the standard antigen concentration 
_ (5%) is taken as 100%. Lower concentrations had a proportionally 
smaller effect on the pre-convulsion time. With 0-05 % egg albumin there 
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was little or no dyspnoea in most guinea-pigs, even when the exposure was 
extended to 1 hr. The highest concentration of egg albumin which could be 
aerosolized ~was 7+5°,. It shortened the pre-convulsion time, resulting in 
an increase of effect of 169 °% of that of the standard solution. 
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Fig. 2. Effect (ordinate) of various antigen concentrations (abscissa) on the ana- 
phylactic microshock expressed as a percentage of the effect of the standard (5%) 
solution of egg albumin. Log. scale. 


| DISCUSSION | 

In anaphylactic shock the animal’s antibody is partly or completely 
inactivated, depending on the site of introduction and the quantity of the 
antigen. If a given amount of antigen introduced at weekly intervals 
elicits an anaphylactic reaction of constant strength, it seems obvious that 
the amount of antibody present at the time of the reaction is the same. 
Therefore all antibody removed by the anaphylactic shock must have been 
renewed within 7 days. Accordingly the production of antibody during 
any shorter interval is proportionally smaller, leading to weaker ana- 
phylactic reactions; i.e. an antigen introduced at that time will meet less 
antibody, so that the guinea-pig’s pre-convulsion time increases. Eventu- 
ally, with very short intervals, no antibody or so little will be available that 
even the largest dose of antigen will no longer produce shock. 

These results suggest that not all the antibody present in the animals is 
equally accessible. It seems as if in the recently sensitized animal a large 
amount of antibody is superficially located in the bronchial mucosa, and is 


_ therefore easily accessible to inhaled antigen. The union of antigen and 
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antibody can, therefore, occur within a few seconds and shock symptoms 
supervene before antibody at other sites can be reached by the antigen. 
At the next exposure this superficially situated antibody is no longer 
present, and other, less easily accessible, sites will be reached by the 
antigen which, however, will require a longer time for penetration. On the 

other hand, it might appear possible that between the first and the second 
- exposure antibody has migrated from the less accessible tissues into the 
depleted more accessible sites. If this indeed had happened, the amounts 
thus transferred could not have been as large as those removed by the first 
exposure, because then the pre-convulsion time would not have been 
prolonged. 

Friebel & Basold (1953) and Friebel (1954) have also found that sensi- 
tivity in the guinea-pig was maintained at the same level when the intervals 
between the exposures were longer than 4 days. They also observed 
decreasing sensitivity of the guinea-pigs with increasing age. They note, 
however, that guinea-pigs which were not very sensitive at their first 
exposure became more sensitive when exposed at weekly intervals. 
Friebel believes that these animals have been made more sensitive by these 

_ repeated-exposures. This explanation is unlikely to be correct, because we | 
’ have never been able to increase the sensitivity of animals by egg albumin 
inhalation. It is much more likely that for these animals the 21-day 
_ sensitization period was too short and their highest antibody titre was 
reached only after 2 more weeks. 

The individual variability of the reaction of the animals in the ana- 
phylactic microshock was considerable. Its cause is probably the indi- 
vidual immunological characteristics of the single animal. The variability 
is such that the course of sensitization in an individual guinea-pig cannot 
be predicted with certainty. 


3 SUMMARY 

1. The course of the desehsitization of guinea-pigs by anaphylactic 
microshock has been investigated. 

2.. The shock, as measured by the pre-convulsion time, remains un- 
changed if exposure to the same amount of antigen aerosol is repeated at 
weekly intervals. This interval is sufficient for the re-formation of the 
antibody removed by the previous shock. 

3. If the interval is shortened, more antigen is necessary to produce the — 
same shock symptoms: the shorter the interval, the more antigen is 
required and with short intervals of 24 hr, five consecutive exposures are 
sufficient to reduce the available antibody so considersbty that shock no 
longer occurs. 
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4. It is suggested that the antibody is located in different tissue sites, 
some of which are more easily reached by the antigen than others. 

5. With increasing antigen concentration in the aerosol the pre- 
convulsion time becomes shorter. 


I am indebted to Professor H. Herxheimer for valuable help in preparing the manuscript 
and to Professor K. Freudenberg for the statistical evaluation of the experiments. The 
technical assistance of Miss G, Karge and Mrs H. Meyer is greatly appreciated. 
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RESPONSE OF PACINIAN CORPUSCLES 
TO SINUSOIDAL VIBRATION 


By M. SATO* 
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Salt Lake City, Utah, U.S.A. 


(Received 13 March 1961) 


There has so far been little information regarding the functional signifi- 
cance of Pacinian corpuscles in the body. However, because of their rapid 
adaptation they must be constantly stimulated by most quick movements 
of the body, e.g. by heartbeat, respiration and acceleration of the body, and 
they are also very sensitive to externally applied vibration (Gray & 
Matthews, 1951a). Recently Hunt & McIntyre (1960) have found vibra- 
tion receptors, which are rapidly adapting, often extremely sensitive and 
responding to vibratory stimuli between 40 and 700 c/s, in the interosseous 
‘membrane of the hind limbs of the cat, and Hunt (1961) has observed 
similar vibration receptors to those described by Hunt & McIntyre (1960) 
in close association with the tibial periosteum of the cat. In this study he 
identified these receptors as Pacinian corpuscles. It is therefore desirable 
to investigate the response of Pacinian corpuscles to sinusoidal vibration . 
in more detail, and to compare its results with the experiments of Hunt & 
McIntyre (1960) and Hunt (1961), and also with those on human subjects 
(Geldard, 1940). 

Although in the past many experiments have been carried out with 
Pacinian corpuscles in the mesentery and in other parts of the cat, there 
have been only a few experiments dealing with the stimulation of cor- 
puscles by sinusoidal mechanical stimuli (Scott, 1951; Loewenstein, 1958). 
These, however, do not seem to give much information on this subject. 
This paper will therefore describe experiments in which the threshold was 
determined of the mesenteric corpuscle, either isolated from the cat or un- 
dissected and with intact circulation, to sinusoidal vibrations of various 
frequencies. The receptor potential from the non-myelinated ending inside 
the corpuscle cor * & Sato, 1953) in response to vibrations has also been 
investigated. 


* Present address: Department of Physiology, Kumamoto University Medical School, 
Kumamoto, Japan. 
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METHODS 


Preparation. All the experiments were carried out with Pacinian corpuscles of the 
mesentery. Cats anaesthetized with sodium pentobarbital (Nembutal; Abbott Laboratories) 
were used. In most of the experiments a piece of mesentery was cleansed of connective 
tissue and fat under a binocular microscop 

Recording. Recording of impulses was made from the axon, suspended in liquid paraffin 
overlying the mammalian Ringer’s solution, in which the mesentery and corpuscles were 
immersed. For recording impulses from the corpuscle in the mesentery of the living cat the 
abdomen of the cat was opened under anaesthesia, and a part of the mesentery, containing a 
few isolated corpuscles, was stretched on a small block of wood, this being held tightly on 
supporting bars with a clamp. The axon to the corpuscle under study was dissected from the 
surrounding connective tissue without disturbing the blood supply, and was suspended in 
paraffin oil on two platinum-iridium wires connected to the input of the amplifier. 

In order to record the receptor potential of the Pacinian corpuscles the corpuscle and its 
axon were mounted in two saline pools which were separated by an air gap; in most cases the 
_ nodal component potentials were abolished by employing 0-5% procaine Ringer’s solution 
(Gray & Sato, 1953). The potential changes between two saline pools were led, through 
platinum-iridium electrodes, to a capacity-coupled amplifier (Tektronix type 122) and were 
displayed on a cathode-ray oscilloscope (Tektronix type 532). When the receptor potential 
was recorded, an over-all time constant of 1 sec for the recording system was generally 
used. 

Stimulation. Mechanical stimulation of corpuscles was produced by a fine glass stylus 
attached to a ceramic piezo-electric bender element (kindly provided by Gulton Industries, 
Metuchen, New Jersey), across which potential changes of either sinusoidal form or of 
rectangular pulse shape were applied. For producing sinusoidal oscillation, an audio 
oscillator (Hewlett Packard Co. 200AB) was employed over the frequency range of 20- 
1000 c/s. In the early stage of the experiments the sinusoidal mechanical stimulation was 
_ suddenly applied to the corpuscle by opening an output shunt of the oscillator; but at the 
later stage sinusoidal vibration, which increased gradually to its final amplitude, was 
employed by modifying the oscillator circuit. The rise time of the amplitude increase varied 
according to the frequency; it was longer when the frequency was lower. However, this 
hardly affected the results obtained. 

Calibration of the displacement of the stylus. The movement of the piezo-electric bender 
element under voltages of various magnitudes and frequencies was examined by the fol- 
lowing two methods. First it was measured visually, using a microscope giving 430 times 
magnification. The movement was proportional to the voltage applied to the element up to 
about 150V, and the absolute displacement of the glass stylus to a rectangular mechanical 
pulse of a sufficient duration was found to be about 0-4 u/V. This is nearly the same as that 
of a Rochelle salt crystal (Gray & Sato, 1953). The displacement of the bender element to 
sinusoidal oscillation of various frequencies up to 1000 c/s did not differ very much, but its 
accurate measurement was rather difficult with the above method. Therefore an alternative 
method was employed in which a transducer tube (RCA5734) was mounted on a micro- 
manipulator with a calibrated microscrew. Coritact between the transducer and the tip of 
the glass stylus could readily be decided, as they were approximated by the manipulator. 

By determining the position of contact with the bender element when unexcited dr when 
driven by the oscillator, the amount of movement could be measured. This was done over 
the frequency range from 20 to 2000 c/s. The movement was found to be nearly uniform 
from 20 to 1000 c/s within a 10% error, but there was a sharp increase in the displacement 
| &t 250-300 c/s by about 30% (Fig. 1). This may have been resonance introduced by the 

glass stylus, since the resonance frequency of the bender element is about 2000 c/s. In 
Fig. 1 a decrease of the movement is seen at the frequency of less than 60 c/s, but this might 
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have been due to measurement error, because it became difficult to determine the contact 
between the transducer and the stylus when the frequency was lowered. 

Temperature. Most of the experiments on isolated corpuscles were carried out at room 
temperature of 21-26° C. Some experiments were made in vivo on undissected corpuscles 
with intact circulation. One successful experiment was also made on the effect of tempera- 
ture change on an isolated corpuscle. In this case the temperature of an oil-saline bath was 
raised by passing current in an insulated nichrome wire, which circled around the bottom of 
the bath. 

Ringer’s solution, The mammalian Ringer’s solution employed in the present experiment 
had the following composition (g/l.): NaCl 9-5, KCl 0-075, CaCl, 0-10 and NaHCO, 0-10. 


25+ 
3 oO 
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Fig. 1. Movement of the stylus attached to the piezo-electric bender element under 
sinusoidal voltages of varying frequency (see Text for calibration method). Applied 
voltages were 120V from peak to peak of alternating currents. Semi-log scale. 


RESULTS 
Frequency-threshold relationship in isolated corpuscles 
The optimal frequency for stimulation of the corpuscle by sinusoidal — 
vibration was found to be around 150-200 c/s at the room temperatures of 
21-26° C. The threshold increased as the frequency was lowered below 
150 c/s and at 10-20 c/s it was sometimes difficult to excite the corpuscle 
even with a voltage of 120 V applied to the crystal. The threshold also 
rose as the frequency was increased above 200 c/s. The pattern of impulses 
was such that at low frequencies the corpuscle responded to one cycle of 
the vibration with one or two impulses, but at frequencies of more than 
200 c/s it responded to two or more cycles of the vibration with .one 
impulse. To produce 1:1 relationship between the impulse and each cycle 
of the vibration the stimulus strength had to be increased with an increase 
in the vibration frequency. However, with a frequency of 500 c/s or more 
the threshold rose to such a degree that discharge from the corpuscle was — 
not produced, even when the amplitude of the stimulus was increased to’ 
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about 50 times the threshold for a short rectangular mechanical pulse 
(Fig. 2). 

The determination of a frequency-threshold curve was made in the 
following way: first, the threshold was measured for rectangular me- 
chanical pulses of about 10 msec duration, which represents the rheobase 
(V,); secondly, the threshold was determined for sinusoidal vibration of 
varying frequency (V, peak-to-peak value of the oscillation), and thirdly, 
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Frequency of vibratory stimuli (c/s) | 


Fig. 2. The response of the isolated Pacinian corpuscle to sinusoidal vibration of 
various frequencies and of just threshold strength. In the upper trace impulses 
and receptor potential were recorded together. Receptor potentials and abortive 
_spikes, possibly originated from the intracorpuscular node, can be seen when 
impulses are absent. The lower trace shows sinusoidal oscillatory voltages applied 
to the bender element. Calibration voltage for the impulse: 200 nV, and for the 
vibration: 40 V for top record and 20 V for other records. Room temperature, 
25° C. Time marker 1 sec. 
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at a higher frequency than 200 c/s. Frequency—threshold curves of three 
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V, was measured again. The V/V, values were plotted against the vibration 
frequency. The threshold for vibration was taken as the stimulus strength 
at which the corpuscle showed steady discharge, but not necessarily a 1:1 
response. If the threshold was determined by a 1:1 response, the fre- 
quency-threshold relation curve showed a much steeper rise when the 
frequency was increased from the optimum. 
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Fig. 3. The relation between vibration frequency and threshold of isolated 
Pacinian corpuscles for initiation of impulses. Three different sets of experiments 
are shown (x,O,@). x : Vibration was suddenly applied to the corpuscle (21° C). 
O, @: Slowly increasing vibration to finite amplitude was applied to the corpuscle 
(23 and 24° C). In this figure and in Figs. 4 and 6 ordinates are expressed by the 
ratio of the threshold for vibration to that for rectangular mechanical stimulus of 
10 msec duration. Semi-log. scale. | 


In 10 out of 11 corpuscles examined at room temperature of 21-26° C 
the optimal frequency, i.e. the frequency with the lowest threshold for 
steady excitation of the corpuscle, was around 150-200 c/s, and the 
corpuscles followed only up to 400-500 c/s. In one exceptional case the 
corpuscle responded to vibration at 1000 c/s and its optimal frequency lay 


corpuscles are shown in Fig. 3. At a frequency of 150-200 c/s the threshold 
was sometimes smaller than that for rectangular mechanical pulse (note in 
Fig. 3). At the low-frequency range the corpuscle usually followed vibra- 
tions of 10-20 c/s. 


Experiments on undissected corpuscles with intact circulation _ 
Several measurements of the frequency-threshold relationship were 
made on the Pacinian corpuscle in situ. Four examples from among seven 
experiments carried out are shown in Fig. 4, the remaining three giving 
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similar results. It will be seen in this figure that corpuscles followed the 
frequency of vibration up to 600-1000 o/s and that the threshold rose more 
steeply in the low-frequency range than it did in isolated corpuscles 
(Fig. 3), so that it was difficult to stimulate the corpuscle with a frequency 
of 20-30¢/s. By comparing Figs. 3 and 4 it can be seen that in the corpuscle 
in situ the V/V, value was 30 with the vibration frequency of 30-40 c/s, 
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Fig. 4. The relation between vibration frequency and threshold of undissected 
corpuscles with intact blood supply. Four different sets of experiments are shown 
(x, +,0O,@). *, +: Vibration was suddenly applied. ©, @: Slowly increasing 
vibration to finite amplitude was applied. Semi-log. scale. | 


while in the isolated corpuscle it was less than 10. In addition to this, in 
the undissected corpuscle the optimal frequency was near 300 c/s, com- 
pared with 150-200 c/s in the isolated corpuscle. In the high-frequency 
range the corpuscle with an intact circulation followed vibration at 800 c/s 
regularly in most cases, and still showed steady discharge at 1000 c/ 
(Fig. 5). 


Effects of different temperatures on the response of the corpuscle 
One successful experiment was performed in which the bath temperature 
was changed from 24 to 37° C. The frequency—threshold relationship was 
determined at both temperatures, and is shown in Fig, 6. At the higher 
temperature the corpuscle followed the vibration up to 1000 c/s, but the 
threshold rose more steeply in the low-frequency range than it did at the 
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lower temperature. Figure 6 also indicates that the discrepancy in the 
behaviour of the corpuscles when they are isolated and undissected is due 
to temperature difference, and not to the presence or absence of circulation. 


Frequency of vibratory stimulation (c/s) 


1 sec 


Fig. 5. The response of the undissected corpuscle to high-frequency vibration of 
just threshold. The base line of the lower trace is distorted because of interference 
of the stimulating voltage to the amplifier. Upper trace shows the voltage applied 
to the bender element. Numerals at the left indicate the frequency of vibratory | 
stimulation (c/s). 


In Fig. 6, as in Figs. 3 and 4, the threshold for vibration is expressed — 
relative to that for a rectangular mechanical pulse. The latter, however, 
differed at the two temperatures, being 7-3 V at 24° C and 4:8 V at 37°C. 
In order to compare ‘the absolute values of threshold for vibrations of 
varying frequency at these two temperatures, the former is plotted against — 
the vibration frequency in Fig. 7. In this figure it can be seen that the 
absolute value of threshold for vibration at each optimal frequency hardly 
differs at the two temperatures, but that when the temperature is higher 
the threshold is lower for the frequency veal more than 200 c/s and higher 
threshold is obtained below 200 c/s. 


Receptor potential produced by sinusoidal vibration 
The receptor potentials of isolated Pacinian corpuscles, produced by 


sinusoidal vibrations of various frequencies, were recorded at room tem- 
26 Physiol. 159 
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peratures in order to obtain the quantitative relationship between the 
frequency of vibration and the amplitude of the receptor potential. As is 
seen in Fig. 8, the amplitude as well as the rate of rise of the receptor 
potential corresponding to each cycle of the vibration of the same intensity 
is smaller when the frequency is less than 100 ¢/s, and also the amplitude 
becomes smaller when the frequency is raised above 100-200 c/s. The 
amplitude of the receptor potential elicited by each cycle of the vibration 
is shown in Figs. 9 and 10 in relation to the frequency and intensity of the 
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Fig. 6. Effect of temperature change on the frequency-threshold relationship of 


_ an isolated corpuscle. ©, 24° C; @, 37° C. ‘Bemi-log. scale, 


vibration. In Fig. 9 it is clear that the receptor potential becomes greater — 


when the frequency is increased from 20 to 200 c/s, and then declines 
in amplitude with a further increase of the frequency. Comparing Fig. 9 
with Fig. 3 it is evident that both the threshold—frequency relation and 
receptor-potential-frequency relationships have their optimal frequencies 
at 150-200 c/s. Thus the gradual rise in threshold for impulse initiation in 
the corpuscle on either lowering or raising the vibration frequency is 
mainly attributable to the reduction in the amplitude of the receptor 
potential. 


A set of curves relating amplitude of receptor potential to stimulus 


strengths for rectangular pulse and sinusoidal movement are presented in 
Fig. 10. This is very similar to Fig. 11 of Gray & Sato (1953), and indicates 
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to the vibration of 200 c/s may be greater than that to 100 c/s, and this has 
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that the rate of rise of the stimulus determines the amplitude of the 
receptor potential. Although the rate of rise of each receptor potential for 
each cycle of vibration was not measured quantitatively, it is evidently 
reduced when the frequency becomes lower, as is seen in Fig. 8. This, 
together with the reduction in amplitude, might be responsible for the rise 
in threshold on lowering vibration frequency. In Fig. 9 the maximal 
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Threshold (V) 


1000 500 200, 100 50 30. 
Frequency (c/s) 
Fig. 7, Effect of temperature change on the absolute threshold of an isolated 
corpuscle for sinusoidal vibration of various frequencies. The same corpuscle as in 
Fig. 6. ©, 24°C; @, 37°C. Semi-log. scale. 


receptor potential to vibration of the same stimulus strength lies at 200 c/s — 
when it is weak, but with an increase in the strength the frequency at which 
the maximal receptor potential is obtained tends to shift from 200 to 100¢/s. 
In two other similar experiments the maximal receptor potential was obtain- 
ed by vibration at 100 c/s. There is, therefore, a slight difference regarding 
the optimal frequency in the results shown in Figs. 3 and 9, both of which were 
carried out at similar temperatures. The discrepancy might be explained 
by the possibility that the rate of rise of the receptor potential in response 
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Fig. 8. The receptor potential in response to vibration of various frequencies and 
strengths. In each frame receptor potentials are shown in upper trace and the 
applied vibration in lower trace, the frequency being indicated at the left. The 
upper voltage calibration refers to the voltage applied to the bender element, the 
lower to the response. Procanized corpuscle at room temperature (26° C). Time 
marker 1 sec. 
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a greater influence for initiating the impulse from the first node of Ranvier 
than merely the amplitude of the receptor potential. 

In Fig. 8 the receptor potentials show a summation to vibration of more 
than 150 ¢/s, attaining a maximum depolarization and then gradually 
falling to a steady level. This figure also shows that there is a slow 
development of a hyperpolarization to a steady value; the hyperpolariza- 
tion appeared to outlast the stimulus for some time, but its accurate time 
course was hard to determine because of the amplifier time constant. No 
summation of the receptor potentials or building up of the hyperpolariza- 
tion was observed below the frequency of 100 c/s. Figure 2 illustrates both | 
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Fig. 9. The relation between receptor potential amplitude and vibration frequency 
at various intensities. The voltages applied to the bender element are (V): 119,@; 
44:5, O; 30-5, x ; and 7, +. Procanized corpuscle at room temperature. Semi-log. 
scale. 


_the receptor potential and the impulse initiated therefrom, when the 
stimulus near threshold strength was applied to the corpuscle. Two facts 

are worth mentioning here. First, there were abortive impulses when 
impulses failed to discharge: these abortive impulses are possibly initiated 
from the first node of Ranvier inside the corpuscle (Quilliam & Sato, 1955; 
Diamond, Gray & Sato, 1956). Secondly, impulses were not elicited at a 
frequency of 500 c/s, although the summed receptor potential was greater 
than the firing level at which impulses were initiated with vibrations below 
100 c/s. In Fig. 11 the magnitude of the summed receptor potential is 
shown in relation to the frequency and strength of vibration. It increases 
with an increase in frequency up to 400 c/s, and it declines sharply with a 
further increase in frequency. Apparently the level of the summed receptor 
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potential is not directly related to the impulse initiation, but rather each 
receptor potential for each cycle of the vibration seems to be responsible for 
the initiation of the impulse. Evidently the steady depolarization of the 
receptor membrane in the corpuscle cannot itself initiate the impulse at the 
first node of Ranvier. 
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Stimulus strength (V) 
Fig. 10. The relation between receptor potential amplitude and intensity of vibra- 
tion at various frequencies. Intensities are expressed as the voltages applied to the 
bender element. @, rectangular mechanical pulses, duration 20 msec; ©, 100 c/s; 
+, 20.c/s; and x, 300 c/s sinusoidal vibration. The same corpuscle as in Fig. 9. 
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Fig. 11. The peak amplitude of the summed receptor potentials produced by 
vibrations of various frequencies and intensities. Voltages applied to the bender 
element are (V): 119, @; 44:5, O; 30-5, x ; and 15, +. The same corpuscle as in 
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Repetitive discharge from Pacinian corpuscles 
During the course of these experiments the corpuscle often responded to 
short mechanical pulses with repetitive discharge, which sometimes lasted 
for as long as 50 msec (Fig. 12). The duration of this repetitive discharge 
depended on the stimulus strength, but not on the duration of the stimulus. 
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1 and 10 msec 


Fig. 12. Repetitive impulses from the corpuscle produced by a short mechanical 
stimulus of | 2 msec duration. Several sweeps were superimposed in each frame. 
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When the receptor potential and the impulse were recorded together, it was 
easily found that there was a series of small receptor potentials, spaced 
with an interval of 5-10 msec, in response to short mechanical pulses, and 
that an impulse was sometimes initiated from each receptor potential. 
A typical example is shown in Fig. 12, where small spikes of all-or-none 
nature are observed on the superimposed traces when the impulse failed to 
discharge. It seems clear from these observations that the receptor poten- 
tial of the corpuscle, when it produces repetitive discharge, is not a sus- 
tained potential change, but rather an oscillatory one; the interval of 
impulses is determined by that of the oscillatory potential. | 


DISCUSSION 


The present experiments reveal that the range of frequency response of 
Pacinian corpuscles in the mesentery of the cat to sinusoidal vibration is 
from 10 to 500 c/s at 21-26° C and from 20 to 1000 c/s at about 37° C, and 
that there is an optimal frequency at about 150 and 300 c/s, respectively. 
From the experiments described the difference in both the range of 
frequency response and the optimal frequency at different temperatures 
can be attributed to the difference in the temperature, while the presence 


or absence of a circulation makes no significant difference to these pro- — 


perties of the corpuscle, 
The increase in the threshold for vibration at low-frequency range in the 


Pacinian corpuscle may be due to the reduction in the amplitude and rate | 


of rise of the receptor potential, and the latter is accounted for by the fact 
that both the amplitude and the rate of rise of the receptor potential 
become smaller as the rise time of each cycle of the vibratory stimulus 


becomes larger with a decrease in the frequency (Gray & Sato, 1953). This — 


would also account for the lack of response below a certain frequency, by 
which the critical slope of the corpuscle can be calculated. The approxi- 
mate critical slopes, calculated from Figs. 3 and 4, are 20 rheobases/ 
50 msec = 0-4 rheobases/msec for the isolated corpuscle at 21-26° C and 
30 rheobases/33-3 msec = 0-9 rheobases/msec for the corpuscle in situ. 


These are of the same order as 1-2 rheobases/msec obtained by Gray & | 


Matthews (19516), although my values are slightly less than theirs. 

_ It is well known that the nerve fibre has an optimal frequency when it is 
excited by alternating currents of various frequencies. When the frequency 
of an alternating current is lowered below the optimum, the threshold rises, 
which is known to be due to accommodation of the fibre (Hill, 1936; Sato 
_ & Usiyama, 1950). If one compares both kinds of frequency—threshold 
curves, of Pacinian corpuscles and of nerve fibres, one finds that the rise 
in threshold produced by lowering the frequency is much steeper in the 
corpuscle than in the nerve fibre, indicating that the former has more rapid 
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adaptation than the latter. This is consistent with the experiments of 
Gray & Matthews (19516), where they compared the adaptation of the 
corpuscle to the mechanical stimuli with the accommodation of its own 
axon to the electric currents and found that the former has a larger 
critical slope than the latter. 
The rise in the threshold for vibration with frequencies above 200 c/s 
could be accounted for by the decrease in both the amplitude and the rate 
of rise of the receptor potential, even though the tendency for receptor 
potentials to sum will, presumably, have the opposite effect. Since the 
receptor potential following the preceding one shows depression when the 
interval between two in succession is less than about 10 msec (Gray & Sato, 
1953; Diamond, Gray & Inman, 1958), the decrease in the amplitude and 
rate of rise of the receptor potential with frequencies above 200 c/s can be 
) explained in terms of depression. The inability of the corpuscle to initiate 
an impulse with a vibration of high frequency such as 500 c/s or more 
might be accounted for by the possibility that the amplitude and rate of 
rise of the receptor potential for each cycle of vibration become too small 
to elicit impulses at the first node of Ranvier, or by the possibility that the 
node becomes inactivated by steady depolarization of the non-myelinated 
ending due to summed receptor potentials. The latter possibility can be 
tested by applying antidromic stimulation to the corpuscle during me- 
chanical stimulation of about 500 o/s, and should be investigated with 
future experiments, 
Recently Inman & Peruzzi (1961) have examined the effects of tempera- 
ture on the corpuscle and have obtained a larger amplitude and rate of rise 
of the receptor potential by raising the temperature, with a Q,) of about 
2 and 2-4, respectively. This is consistent with the present experiments, 
where the threshold for a rectangular mechanical pulse is lowered when 
the temperature is raised. Lowering of the threshold for vibration above 
the optimal frequency is, therefore, explained by an increase in the ampli- 
tude and rate of rise of the receptor potential and also probably by lesser 
depression at higher temperature. The at rise in the threshold for 
, vibration below the optimal frequency at higher temperature indicates that 
the corpuscle adapts more rapidly to the mechanical stimulus at higher 
temperature. 
The repetitive discharge of impulses in 1 response to a short mechanical 
stimulus observed during the course of the present experiments is con- 
sistent with earlier observations by Scott (1949) and Alvarez-Buylla & 
| Remolina (1959). The fact that the interval of repetitive impulses is 
always regular and of the order of 5-10 msec would exclude the possibility 
that this repetitive discharge might be due to the vibration transmitted 
from the outside, and also it cannot be attributed to oscillation of the stylus 
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due to insufficient damping, because the damping frequency of the stylus is 
more than 1000 ¢/s. It is also evident that this repetitive discharge observed 
in the present experiments is of a different nature from that found by 
Inman & Peruzzi (1961), because (i) the repetitive discharge lasted some- 
times for about 50 msec (Fig. 12, top record), which is far longer than the 
duration of the receptor potential, and (ii) small oscillations of the base 
line or receptor potentials can be seen when impulses failed to discharge. 
This point is made clearer by Fig. 13, which consists of unpublished 
photographs by Sato & Ozeki. In A a mechanical stimulus of just thresh- 
old was applied to the corpuscle, and in B-H the corpuscle—nerve-fibre 
preparation was procanized successively, keeping the stimulus strength 
constant. Procaine was applied to the central pool first between B and C, 
and then the corpuscle was procanized between D and £ in order to abolish 
the impulse completely. It will be clear from this figure that the second 
impulse is not initiated at the falling phase of the receptor potential, but 
produced at the peak of the second receptor potential (see A and also com- 
pare D with Z). This figure supports another observation, that the repeti- 
tive discharge was not produced by inadequate damping of the stylus. If 
the second impulse in A—D were produced by insufficient damping, one 
would observe the second receptor potential, in H, at the point where the 
second impulse had been initiated. One of the reasons why the Pacinian 
corpuscle in the present experiments showed repetitive discharges rela- 
tively often in response to a short mechanical stimulus is, presumably, that 
the mammalian Ringer’s solution employed in the present experiments con- 
tains a relatively small amount of potassium chloride, compared with that 
used by other investigators. | 
From the results of the present experiments it has becouie clear that the 
range of frequency response of Pacinian corpuscles in the mesentery to 
sinusoidal vibration is the same as that of vibration receptors in the 
interosseous membrane and in the tibial periosteum of the hind limbs of 
_ cats (Hunt & McIntyre, 1960; Hunt, 1961). Since there is no anatomical 
difference between Pacinian corpuscles in different parts of the body, it is 
not surprising that they show similar properties to mechanical stimulation. 
Human vibratory sensation has been extensively studied by Geldard 
and others (see Geldard, 1953), Geldard’s measurements of the threshold 
for human vibratory sensibility show that the optimal frequency lies in the 
neighbourhood of 250 c/s and the frequency range in which the stimulus is 
perceived as a vibration is from 20 to 20,000 ¢/s, although it is very doubt- 
ful whether one can perceive the vibration at 20,000 c/s. At any rate, the 
frequency range and the optimal frequency of the human vibratory sensa- 
tion are quite similar to those obtained with Pacinian — in the 
present experiments. 
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Fig. 18. Photographs showing repetitive impulses from the corpuscle. Several 
mechanical stimuli of 1 msec duration were applied to the corpuscle with a rate of 
20 c/s and the responses were superimposed. Stimulus strength is just threshold 
in A, and is about three times the threshold and kept constant from B to £. 
Between B and C the proximal pool was procanized, and between D and £ the peri- 
pheral pool was also procanized so that only the receptor potential remains in Z. 
Unpublished photographs by Sato & Ozeki. 
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The effect on vibratory sensibility of changing the skin temperature was 
studied by Weitz (1941). His results show that the threshold for vibratory 
sensibility of a certain frequency is raised by cooling the skin, lowered by 
warming it up to 4° C above the normal temperature and raised again by a 
further increase of the skin temperature. He studied the threshold change 
for only 100, 256 and 900 c/s, and made no investigations on the vibration 
sensibility of low frequency. His results are to some extent consistent with 
the present experiments, where the threshold for both rectangular 
mechanical pulses and vibration of a frequency higher than 200 c/s is 
raised by lowering the temperature. However, in the present experiments, 
when the vibration frequency is below 200 o/s, the threshold is increased by 
raising the temperature. There seems, therefore, to be a difference in the 
response to low-frequency vibration between the results of the present 
experiments and those of Weitz. It would be interesting to see what kind 
of sensory receptors are concerned with the human vibratory sensation. 


SUMMARY 

1. The response of isolated and undissected Pacinian corpuscles in the 
mesentery of the cat to sinusoidal vibrations of various frequencies was 
recorded, and the frequency-threshold relationship was determined. 
2. At room temperatures of 21-26° C the corpuscle followed vibration 

of about 20-400 c/s, the optimal frequency being at 150-200 c/s. The 
threshold became higher with either an increase or a decrease of the vibra- 
tion frequency from this optimum, and in almost all cases no impulse dis- 
charge was initiated from the corpuscle in response to the vibration of 
more than 500 c/s. At a temperature of 37°C, or with the undissected 
corpuscle with intact circulation, it responded persistently to vibration 
from 40 to 1000 ¢/s, the optimal frequency lying around 300 c/s. 

3. The receptor potential from the non-myelinated ending was recorded 
in response to the vibration, Its magnitude to each cycle of the vibration 
attained its maximum when the frequency was raised from 20 to 150- 
200 c/s, and with a further increase in the frequency it declined again. 


. 4. The frequency—threshold is on the basis of 


receptor potential behaviour. 
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SYNAPTIC MOTONEURONE MEMBRANE 
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It was discovered i Coombs, Eccles & Fatt (1955a) that the hesike- 
polarization of the inhibitory post-synaptic potential (IPSP) changed to a 
depolarization when Cl- ions were injected either by diffusion or electro- 
phoretically into cat spinal motoneurones. This effect was satisfactorily 
explained by assuming that, when activated, the inhibitory post-synaptic 
membrane is permeable to Cl- ions. A similar effect was obtained for Br-, 


NO,- and SCN- ions, but not for HCO,-, CH,CO,-, S0,-, HPO,- and 


glutamate ions. Since the ions in the former group are smaller in their 
hydrated form than those in the latter, it was postulated that in the 
activated state the inhibitory post-synaptic membrane has a sieve-like 
structure with a pore size large enough to allow the passage of SCN ions, 
yet small enough to block bicarbonate and acetate ions. A differential 
permeability of the inhibitory post-junctional membrane was also reported 
on crustacean. muscle (Boistel & Fatt, 1958) and crustacean stretch 
receptor cell (Hagiwara, Kusano & Saito, 1960) for Cl- ions on the one 
hand, there being impermeability to sulphate and large organic ions on the 
other. The first aim of the present investigation was to employ a more 
extensive anion series in order to test the postulate that the differential 
permeability is explicable by the pore size. Eleven anion species have now 
been established as penetrating and another sixteen as non-penetrating 
through the activated inhibitory post-synaptic membrane of cat spinal 
motoneurones. A preliminary report of some of these findings has been 
given (Araki, Ito & Oscarsson, 1961). 

Coombs et al. (1955a) observed that the size of the IPSP, changed by 
injection of Cl-, Br-, NO,~ and SCN~ ions, recovered exponentially with a 
time constant of about 30sec. In the course of the present experiments 
it was found that the time course of the IPSP recovery varied according 
to the injected anion species. Since the recovery is caused by the removal 
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of injected anions from the cell, its time constant should be related to the 
permeability of the cell membrane in general. Further investigation of 
these time constarits has been the second aim of the present experiments. 


METHODS 


The experiments were performed on 25 cats under pentobarbitone sodium anaesthesia. 
The cord was transected at the L2 level. The nerves from posterior biceps-semitendinosus 
(PBST), gastr ius-soleus, plantaris, flexor digitorum plus flexor hallucis longus, and 
peroneal muscles were dissected and mounted on stimulating electrodes in a paraffin pool. 
The quadriceps nerve was stimulated by a buried electrode. The technique of intracellular 
recording was the same as that described by Eccles, Fatt, Landgren & Winsbury (1954). 
PBST motoneurones were particularly searched for, because they receive a large IPSP from 
Ia afferents in the quadriceps nerve (Brock, Coombs & Eccles, 1952). The motoneurones 
were identified by antidromic stimulation of the cut L7 and 81 ventral roots and by the 
synaptic potentials evoked by Group Ia volleys in various nerves (Eccles, Eccles & Lundberg, 
1957a). A pure IPSP could be obtained by using a stimulus strength subthreshold for Ib 
fibres, which was particularly easy with the quadriceps nerve on account of the frequency of 
a good threshold separation of the Ia and Ib fibres (Bradley & Eccles, 1953).,The afferent 
volleys were monitored with a surface electrode placed at the upper L7 dorsal root entry. 
The IPSP produced by the Renshaw cell pathway was occasionally used (cf. Coombs e¢ al. 
1955a) and was obtained by the ventral root. stimulation just subthreshold for the axon 
belonging to the impaled motoneurone, or by a maximal ventral root stimulus when the 
antidromic invasion was blocked (Eccles, Fatt & Koketsu, 1954). In some cases poly- 
synaptic IPSPs evoked in extensor motoneurones by Group I[b or IT volleys, or by a volley 
from the peroneal nerve, containing cutaneous afferents (cf. Eccles, Eccles & Lundberg, 
1957a, 6; Eccles & Lundberg, 1959) were employed for qualitative observations of anion 
effects (Table 2). 7 

_ Capillary glass electrodes were boiled in distilled water under reduced air pressure at about 
60 °C. The water in the shaft of the electrode was then sucked out through a thin vinyl tube 
and substituted by the solutions listed in Table-1, which contain various anions as either 
potassium or sodium salts. Potassium salts were preferred, unless their solubility was very 
small as was the case with C10,-, ClO,~ and BrO,~, but not necessarily so because the effect 
of sodium ions upon the IPSP by diffusion from the electrode tip was always negligible. 
More than 24 hr after the filling with solutions micro-electrodes with resistance of 8-20 MQ 
were selected; but with solutions containing relatively low concentrations of KMnO, or 
Na,C,0, resistances up to 50 MQ were tolerated. Solutions of NaF, or NaMnO,, or NaCN 
usually caused a blunting of the electrode tip, but among many electrodes prepared some 
remained with a tip diameter less than 1 yu and could be used successfully for impalement 
of motoneurones. 

The micro-electrode was connected to a current generator through a 100 MQ resistor, and 
anions were injected from the tip into the cell by passing currents of 3—10x 10-*A for 
30-120 sec (cf. Coombs et al. 1955 a). The potentials were recorded through the same electrode — 
that served for the injection. After application of the current there was usually a transient 
change of the tip potential of the electrode, amounting to 5-20 mV or more, either positive 
or negative, which diminished in most cases within 20-30 sec. This artifact potential was 
obtained in isolation by recording with the tip in the extracellular medium and by applying 
the same current that was used for injection. The intracellular resting potential was then 
derived by subtracting the artifact potential from the potential recorded inside the cell. 
This method of artifact compensation is not entirely satisfactory, as the shift of the electrode 
tip from the intracellular to the extracellular medium may cause a change in the artifact 


4 
4 
4 


412 T, ARAKI, M.ITO AND O. OSCARSSON 
potential, either for mechanical reasons or because of the different ionic composition of the 


two phases of the media. However, it was useful in showing how far the recorded potential — 


was reliable in indicating the resting potential of the cell. Electrodes with large artifact 
potentials were rejected. | 


Taste 1. Solutions used for filling micro-electrodes 


Substance Concentration (m) Substance Concentration (mM) 
KCl 3 NaN, 5 

KBr 4 NaClo, 5 

KI 3 NaCl0, 1, 3 and 5 
KNO, 3 NaBF, 

KNO, 5 NaHCO, 5 

KSCN 5 NaBrO, 2 
KHCO, 2 NaHSO, 3-4 
KCH,CH,CO, 3 Na,C,0, 0-3 
K,Fe(CN), 0-8 aF 0-8 
K,Fe(CN), 0:8 ‘ NaCH,(CH,),CO, 5 
K-Citrate 2 Na-t-Glutamate 5* 
KMnO 0-4 NaCN 3 
NaMn0, 3 


* pH was adjusted to 8. 


Any potential appearing between the silver wire dipped in the solution of the micro- 
electrode and the indifferent electrode in contact with the back muscles of the cat was 
cancelled by an electromotive force inserted between the indifferent electrode and the earth, 
so as to prevent currents driving ions from the electrode. The current passed through the 
_micro-electrode for injections was monitored by a differential d.c. recording of the potential 
drop which was set up across 100 MQ resistor by the current. The effective resistance of the 
100 MQ resistor, as the input impedance, was raised to about 5000 MQ by a series feedback 
device (Ito, 1960). The resting and action potentials were recorded through a cathode 
follower by a d.c. amplifier. The resting potential was registered by an ink-writing recorder 
while the action potential and the synaptic potentials, the latter being amplified by a 
condenser-coupled amplifier (time constant usually 20 msec, but 500 msec when recording 
Renshaw IPSP), were displayed by a cathode-ray oscilloscope. The changes of the synaptic 
potentials and of the action potential following the injection of anions were recorded by 
photographing sweeps repeated at a frequency of 5/sec. The photographic film was auto- 
matically advanced every 4 sec, giving records with about 20 superposed traces. 


RESULTS 
Penetrating anions 

The injection of NO,-, I-, BF,-, ClO,- and HCO,- ions by a hyper- 
polarizing current of 3—10x10-*A for 30-120 sec readily induced a 
reversal of the IPSP. For example, Fig. 1 illustrates the reversal and 
recovery of the Ia IPSP(A) and of the Renshaw IPSP(B) by the injection 
of NO,~ ions. As pointed out by Coombs ef al. (1955a), the reversed IPSP 
is not a mirror image of the original hyperpolarization; it attains its peak 
earlier and decays more quickly than the latter (Fig. 1). When the reversed 
IPSP turns back to a hyperpolarization in the course of recovery, there is 
usually a diphasic stage; a small depolarization being followed by a hyper- 
polarization (Fig. 1A, at 88-92 sec), as already reported and explained by 
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Coombs ef al. (1955a). The earlier summit of the reversed IPSP is particu- 
larly noticer-ble for the Renshaw IPSP (Fig. 1B, at 52-56 sec). The change 
in the size of the IPSP by injection of NO,- ions in another PBST moto- 
neurone is plotted in Fig. 3A. Because of the above-mentioned change in 


\ 


Fig. 1. Effects of electrophoretic injection of NO, ions into motoneurones. 
A, Ia IPSP in a PBST motoneurone evoked by quadriceps Ia volley. B, Renshaw 
IPSP in a motoneurone, the innervation of which was not identified, induced by a 
maximal L7 ventral root stimulation. Records in the top row show incoming vol- 
- leys recorded from the surface of the cord (upper trace) and the control IPSPs 
thereby evoked before the injection (lower traces). Records from the second to the 
ninth row illustrate IPSPs at the indicated time (identical in A and B) after the 
injection of NO,- ions by the passage of a current of 5x 10-*A for 60 sec. The 
bottom records are IPSPs at the end of recovery, its approximate time being 
shown in records. In this and in successive figures IPSPs are illustrated with 
positivity upwards. Reference base lines are drawn in traces at the fifth to tenth 
row, and vertical interrupted lines are through peaks of reversed IPSPs, indicating 
the points in the time course of IPSPs where their sizes are measured (see text). 
Note different time scales for A and B. All records were formed by the super- 
position of about twenty faint traces. | 
27 Physiol. 159 
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the time course, the size of the IPSP was not measured by its peak value, 
but by the amplitude at a fixed time after its beginning, corresponding to 
the peak of the largest depolarizing IPSP, as shown by the interrupted line 
in Fig. 1. Hence the plotted size of the hyperpolarizing IPSPs in Figs. 3-6 
is smaller than its peak value, the discrepancy being slight for Ia IPSP 
(Fig. 1A), but considerable for Renshaw IPSP (Fig. 1B) (see p. 424). In 
the case of Fig. 3A the IPSP turned to a depolarizing potential spon- 


Cc D | 
Q PBST Q PBST QV_ PBST 
BF clo,” HCO, 


msec 10 msec | msec msec 1 
Fig. 2. Changes in IPSPs produced by electrophoretic injections of I- (A and B), 
BF,- (C), C10, (D) and HCO,~- (E) ions. Ia IPSPs (A, C, D and E) and Renshaw 
IPSPs (B and E) were obtained by quadriceps volleys (Q) and by L7 ventral root 
stimuli (V), respectively, in PBST motoneurones. Records in the first row are con- 
trols before the injections. A current of 5 x 10-*A for 60 sec produced the injection. 
The time at which successive records from the second to the ninth row were taken 
was 0-4, 20-24, 40-44, 80-84, 100-104, 120-124, 140-144 and 160-164 sec in A, 
and the same as in Fig. 1 for others. Bottom traces are IPSPs at 180 sec in A, B 
and C, at 160 sec in D and at 360 sec in E after injections. In records at the second 
row of A and B the reversed IPSPs elicited spike potentials and traces of their 


end of sweeps by continuous (C, D and E) or intermittent (B) stimulation. In the 
third row of C a spike potential was obtained by an antidromic stimulation in place 
of the EPSPs, being shown in an extra trace with a gain of about one tenth of that 
for other records. Note two kinds of time scales for A, C, D and B, E. 
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taneously after impalement of the cell, apparently due to the NO,- ions 
that diffused out of the electrode (cf. Coombs et al. 1955a). The final value 
of the IPSP after the recovery is usually slightly different from the one 
before the injection; it remained often as a depolarizing potential (see 
Figs. 3A; 2A, B, D). 


KNO, electrode 6/4/60, : KI electrode, 1/3/60, no. 5 
13 2 Nos] PBST QUPSP ST Q-IPSP 
Trial nA sec Trial nA sec 
10 60 

i 
E § 

4c IPSP 

~ 

3 EPSP 4 EPSP : 
E 1 

0 90 S.P. 

40 
- 50 R.P. -40 RP 
| 
0 1 2 3 4 0 1 2 3 4 
min min 


Fig. 3. Plot of sizes of IPSPs, EPSPs, antidromically evoked spike potentials 

(S.P.) and resting potentials (R.P.) before and after injections of NO,~(A) and 

I-(B) ions. Plots of four trials into one and the same cell are superposed, the 

order of which are shown in the figure with the strength and duration of currents 

employed for injections. In A of this figure as well as in B of Fig. 4 spike potentials 
- were not obtained, owing to the spontaneous block of antidromic invasion. 


Changes in Ia IPSP and Renshaw IPSP by injection of I- ions are shown - 
in Fig. 2. Just after the injection (2nd row in Fig. 2A, B), the depolarizing 
IPSPs reached the critical level for generation of spikes, which was often 
observed after injections of the effective ions (cf. Coombs et al. 19552). 
The time course of the IPSP recovery after four injections of I~ ions is 
shown in Fig. 3B. In Fig. 3 as well as in Figs. 4 and 5 the reproducibility 
of the effect of injections of any particular anion may be appreciated by 
the superposed plots of four successive trials into one and the same cell. 
Effects of BF,-, Cl1O,- and HCO,~ ions upon the IPSP are qualitatively the 
same as NO,~ and I~ ions, as seen ir®F'ig. 2C, D, E, but the time course of 
the IPSP recovery is particularly slow for ClO,;- and HCO,- ions (see 
Figs. 4B and 5A and Table 4). 
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The effect of injections of the above anions was easily reproducible and 
similar to the effect of the previously tested Cl-, Br~, NO,~ and SCN“ ions. 
The latter ions have been re-tested in the present experiments, and the 
number of trials of injections is listed in Table 2. As observed by Coombs 
et al. (1955a) and also as revealed by some of the anions in the present 
experiments (Table 2), all types of inhibition, whether Ia IPSPs, Renshaw 
IPSPs or polysynaptic IPSPs, were affected in an essentially similar 


| NaBF, 6/7/60, |NaClOs electrode, 26/1/60, no. 26 
= 4 of 50 
wee oir $8 
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min min 


Fig. 4. Plot of intracellular potentials before and after injections of BF,- (A) and 
ClO,~ (B) ions. Conventions and symbols as for Fig. 3. 


manner. The change of the IPSP size caused by the injection of these 
anions is given in Table 3 by the algebraic difference between the IPSPs 
before and just after the injection. The figures in the five PBST moto- 
neurones of this table are the largest among cells examined with each anion 
(Table 2). It appears in Table 3 that the change of the IPSP is particularly 
large with NO,~ and SCN- ions, while it is relatively small with ClO,- and 
HCO,~. However, since the IPSP size, or strictly speaking the IPSP con- 
ductance (cf. Coombs e¢ al. 1955a), depends on the density of inhibitory 
innervation, and hence varies considerably in the population of PBST 
cells, it is not possible to compare the effect of injections simply by the 
IPSP size. The values in Table 3 and comparison of Figs. 3, 4 and 5 suggest 
that no quantitative difference has been shown to exist between the effects 
of these various anions in reversing the IPSP. 
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N,~ ions are also effective in converting the IPSP to a depolarizing 
potential, but, since the injection of this ion species causes a reduction of 
_ the membrane potential, the pattern of changes of the IPSP is somewhat 
different from those observed with the anions of Table 3. Even injections 
of the anions of Table 3 often caused damage to the cell, presumably 
owing to the mechanical shift of the electrode tip, relative to the cell, that 
was caused by the swelling of the cell during the injection (see p. 424). 


A | | NaHCO, electrode 4/5/60, no. 22 4G; NaN ; electrode, 10/2/60, 
3 PBST Q-IPSP and Renshaw IPSP 3 no.15 PBST Q-IPSP 
HCO, | Ns 
°7Q 4 100 60 
6 
| 
> 
L j 1 4 ly SP: 
| = 20+ 
* 
Ae. 1 2 3 4 5 6 0 1 2 ee 
min min 


Fig. 5. Plot as in Fig. 3 of intracellular potentials for injections of HCO,~ (A) and 
N,- (B) ions. Note that in trial 8 of A the size of Renshaw IPSP is plotted in place 
of Ia IPSPs in other trials. 


When the cell was in this way destroyed or damaged irreversibly, these 
results were not included in Table 2. With N,-, however, the damage of 
the cell seemed to be induced by the ion, owing possibly to its well known 


_ effect as a metabolic inhibitor (cf. Ling & Gerard, 1949; Gerard & Doty, 


1950). For example, in the experiments of Fig. 5B, the first two injections 
by 5 x 10-8A affected the membrane potential little, while the following two 
trials with larger amounts of injected ions caused a remarkable reduction ~ 
of the membrane potential. Since a depolarizing IPSP is depressed or even 
reversed by reduction of the resting potential (Coombs et al. 1955a), the 
induced change in the IPSP might have been much larger in the later two 
trials than in the first two, if there had been no reduction of the membrane 
potential. This reduction of the membrane potential was usually pro- 
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gressive, and correspondingly the reversed IPSP was converted rapidly to 
a hyperpolarizing potential and was later reduced again, as is seen in 
Fig. 5B. There were 51 injections into 20 cells, in all of which a depolariza- 
tion of the membrane was observed to some degree. However, when a 
large reduction of the membrane potential was avoided by a relatively 
small dose of injected ions, the small change so induced in the IPSP 
recovered in an approximately exponential way. Hence it is concluded 


Taste 2. The number of cells and trials of injections 


No. of cells 
la Renshaw Pol . No, of 
Ion IPSP IPSP IPSP injections 

I> 8 0 0 25 
NO,- 5 3 0 21 
BF,- 7 0 1 27 
ClO,~ 7 2 0 19 
HCO,~ 13 l 2 38 
Cl- 5 0 0 13 
Br- 6 1 0 16 
SCN- 5 1 0 18 
NO,- 1 0 21 
N,~ ll 7 2 51 
clo,- 6 0 0 8 
BrO,- 8 0 17 
HSO,- 6 0 2 13 
C,0,2- I 0 2 7 
CH,CH,CO, 3 0 2 Ss 
n-Butyrate 0 0 6 10 
Fe(CN),3- 5 0 2 13 
Fe(CN),!- 1 0 3 4 

+ 4 0 9 15 
HCO,- | 5 1 0 23 
L-Glutamate 0 2 4 14 
Citrate | 3 0 0 4 


TABLE 3, Changes of the IPSP by anion injection (mV) 


Motoneurones 
Ion a Cc d 
CI- 9-0 (1) 7°9 (3) 7°4 (3) 6-8 (2) 48 (1) 
Br- 11-6 (3) 11-1 (4) 7°5 (1) 7:0 (2) 6-5 (2) 
ay 11-2 (3) 11-0 (3) 8-2 (4) 7:8 (4) 7-2 (1) 
NO,- 14-4 (3)* 12-8 (4) 10-0 (1) 4-4 (1) 4-0 (1) 
10-1 (2) 8-8 (1) 7:4 (2) 72 (2) 71 (4) 
SCN- 14-8 (5) 12-8 (3) 11-8 (3) 10-1 (2) 8-4 (2) 
BF, 11-9 (6) 8-4 (5) 79 (3) 7*3 (3) 5-7 (6) 
ClO,- 73 (4) 6-9 (1) 6-4 (2) 6:1 (1) 6-0 (1) 
HCO,~ 73 (1) 7-2 (2) 7-0 (8) 3-6 (1) 2-9 (2) 


Figures are mean values of the algebraic differences of the IPSP sizes before and just after 
the injection, the number of trials being indicated in parentheses. For each anion the results 
on five motoneurones are shown in a, b, c, d and e. A different set of 5 motoneurones is of 
course employed for displaying the effects of each anion. Currents for the injection are 


5x 10-*A during 60 sec in all but one case (a for NO,- ions, *), In this case 3x 10-*A_ 


was used in all of three injections. In another trial by 5 x 10-* A in the same cell gave an 
IPSP as large as 20 mV. . 
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that the effect of N,~ ions is the same as that of other anion species of 
Table 3. 

Cl0,~ ions are also effective, though the injection is technically difficult. 
During injection of this ion species through an electrode filled with NaClO, 
‘ ata concentration from 5 to 1 , the resistance of the electrode usually rose 
up to several thousand MQ, with the consequence that it was impossible to 
record the IPSP and the resting potential. Moreover, when this block of 
the electrode happened early during the current application, the injection 
of anions was obstructed. Though this type of blockage sometimes 
occurred with electrodes filled with other anions, it was much commoner 
with the NaClO, electrodes, particularly when a hyperpolarizing current 
was passed in the intracellular position. Probably K+ ions enter the elec- 
trode and precipitate in the tip as KClO,, which has a low solubility 
(26 m-mole/100 g saturated solution at 40 °C; see Seidell, 1940). Indeed, 
a similar block was produced by a hyperpolarizing current when the 
electrode tip was in a 150 mm-KCl solution. Despite these difficulties it was — 
possible to observe the reversal of the IPSP after injection into six cells 
listed in Table 2. The recovery of the IPSP followed an exponential curve 
reasonably well, though in only one case could the resting potential be 
properly controlled subsequent to the injection. 7 

The effect upon the IPSP of the above anions, i.e., the increase of the 
IPSP in the depolarizing direction and its exponential-recovery, leads 
immediately to the conclusion that they penetrate the activated inhibitory 
post-synaptic membrane, and therefore are labelled by plus signs in 

Non-penetrating anions 

The effect of injection of BrO,-, HSO,-, C,02-, CH,CH,CO,-, 
CH,(CH,),CO,~, Fe(CN),°- and Fe(CN),*~ ions was similar to that described 
for SO,2- ions (Coombs e¢ al. 1955a). The number of trials for each anion is 
shown in Table 2. After their injection the IPSP remained nearly the same 
or was slightly increased in size. The increased [PSP recovered gradually in 
about 1 min, as is illustrated for BrO,— ions in Fig. 6A. The increase of the 
hyperpolarization of the IPSP may be accounted for partly by the slight 
reduction of the resting potential which often followed the injection, and 
partly by the depletion of Cl- ions from the cell by the hyperpolarizing 
current. 

The ineffectiveness of the injection of the above anions immediately 
leads to the conclusion that the activated inhibitory post-synaptic mem- 
brane is impermeable to them (cf. Coombs et al. 1955a), except for HSO,~ 
ions. Since the second hydrogen of H,SO, has a relatively large acid dis- 
sociation constant, ‘a conversion of HSO,- to SO,?- would occur in the cell, 
its degree being determined by the pH of the internal medium of the cell 
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that would be kept constant by a buffer action of the medium. According 
to the recent estimates of this dissociation constant, 10-*® to 10-”™ 
(cf. Bjerrum, Schwarzenbach & Sillén, 1958), the ratio of [SO,?-]:[HSO,~] 
in the cell would be expected to be close to unity at pH 7. Although there 
is no direct information on the pH of the internal medium of cat moto- 
neurones, recent investigations on invertebrate nerve and muscle fibres 
(Caldwell, 1958) and on frog muscle fibres (Kostyuk & Sorokia, 1960) 
indicate that the pH in the cell is close to 7 under normal conditions. With 
the possible extreme of variation in pH, + 0-4 (Caldwell, 1958; cf. also 


KHCO, electrode, 11/12/59, 
no. Q-IPSP 


NaBrO; electrode PBST 501 
28/3/60 No. 12 QUPSP *13 100 120 
zt Trial nA sec 4 
°1 50 60 
*3 50 60 R.P. 
min min 


Fig. 6. Plot of IPSPs and resting potentials for injections of BrO,- (A) and 
HCO,- (B). Conventions as in Fig. 3. 


Spyropoulous & Tasaki, 1960), the ratio of [SO,?-]:[HSO,—] would decrease 
or increase by a factor of 2-5. Consequently, after relatively large injec- 
tions by the passage of current of 5—10x10-*A for 60-120 sec, the 
concentration of both HSO,~ and SO,?~ in the cell would be expected to be 
high enough to exhibit any influence that they might have upon the IPSP. 
The ineffectiveness of injection of HSO,- ions may thus be taken as 
indicating that neither HSO,~ nor SO,?- ions pass through the activated 
inhibitory post-synaptic membrane. Similar considerations apply to the 
equilibrium between H,PO,- and HPO,?-, for which the acid dissociation 
constant is evaluated near 10~’ (cf. Bjerrum e¢ al. 1958). The results ob- 
tained by Coombs e al. (1955a) by injecting HPO,2- can then be extended 
to H,PO,-; hence the activated post-synaptic membrane is permeable to 
neither of these ions. For other anions (except HCO,-, see below) dealt 
with in this section, the values of the acid dissociation constants ensure 
their almost complete dissociation in the cell following injection. 

F~ ions were also ineffective in converting the IPSP into a depolarizing 
potential, though a complication was introduced by their depolarizing 
action upon the resting membrane (Shanes & Brown, 1942), For example, 
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in four cells one injection by a current of 5 x 10-*A for 60 sec sufficed to 
reduce the membrane potential down to —10 to —30mV. However, in 
seven cases out of nine cells, where a relatively small current (3 x 10-°A 
for 60 sec) was employed for injection of F- ions, the resting potential was 
maintained at more than —50 mV. In these cases the IPSP was increased 
in the hyperpolarizing direction, indicating that the equilibrium potential of 
' the IPSP was not significantly altered by injections. This situation closely 
resembled that with acetate ions, the ineffectiveness of which was proved 
on @ more quantitative basis by the aid of IPSP-membrane-potential 
curve (Coombs eé al. 1955a). In general, injection of penetrating anions 
by currents of 3 x 10-*A induces a noticeable change of the IPSP. It can, 
therefore, be concluded that the activated inhibitory post-synaptic mem- 
brane is impermeable to F~ ions. 
In their investigation Coombs e¢ al. (1955a) could not exclude the possi- 
bility that HCO,~ ions were slightly effective in changing the IPSP in the 
depolarizing direction. This ion species was therefore carefully tested on 
23 occasions. The change induced in a PBST cell, in which eleven successful 
injections were made, is illustrated in Fig. 6B. In the first series of five 
injections a small reduction of the [PSP was observed, and as a typical and 
unique feature for this ion species the reduction was progressive with a 
maximum at about 30sec after the injection, followed by a gradual 
recovery to the original size. In the later series the IPSP turned into a 
depolarizing potential following a similar time course to that in the initial 
series, but it never exceeded 4 mV. In all other cells only a small reduction 
of the IPSP was observed, without its reversal. These relatively small 
changes in IPSP cannot be explained by the conversion of HCO,~ ions to 
H,CO,, for this would effectively remove only one fourth of the injected 
HCO,- at the pH of about 7 (see above and Bjerrum ef al. 1958). Further- 
more, the characteristic delayed maximum of action on the IPSP suggests 
that HCO,- ions are not effective by themselves and that the change of the 
IPSP is caused by some secondary process following the injection. One 
possibility to consider is a reduction of HCO,- to HCO,~ ions in the cell, 
which is possibly facilitated by the high concentration of the former. The 
conversion of carbon dioxide to formic acid is catalysed by an enzyme 
which so far has only been reported to occur in certain bacteria (cf. Sumner 
& Myrbiick, 1952). | 
Since a light reduction of the hyperpolarizing IPSP following the in- 
_ jection of glutamate ions was described by Coombs e¢ al. (1955a), this ion 
species also was re-examined with relatively large injections. However 
there was neither reversal nor any significant reduction of the IPSP. Thus, 
despite the very small effect previously reported, this ion species may be 
placed in the group of non-penetrating anions. 
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The sodium or potassium citrate electrodes have already been used for 
investigations on crustacean muscle (Boistel & Fatt, 1958) and on moto- 
neurones (Kuno, 1959; Araki, Eccles & Ito, 1961) as indifferent for the 
IPSP. As would be expected, the injection of citrate ions gave results corres- 
ponding precisely to those given by the above non-penetrating anions. 

In summary, sixteen anions, labelled by minus signs in Table 5, are 
specified as unable to penetrate the activated inhibitory post-synaptic 
membrane. 


Untestable anions 


With fourteen anion species, which have the hydrated size in the range 
of the present interest, injections were either unsuccessful or not tried 
because of the following reasons. They are labelled by X in Table 5. 


(a) Solubility of potassium salts. The difficulty of injections due to low solubility of the 
potassium salts was described above (p. 419) for ClO, ions. In this respect ReO,- and 
picrate ions wére rejected as untestable, because their potassium salts have a solubility as 
small as 7-67 m-mole/100 g water at 40 °C and 2-89 m-mole/100 g water at 30 °C, respec- 
tively (cf. Seidell, 1952). 

(b) Oxidizing agents. Blocking was regularly observed with electrodes containing MnO,— 
ions as either the sodium or potassium salt. A possible explanation is offered by their power- 
ful oxidizing effect (cf. Latimer, 1959) which might cause coagulation of protein around the 
tip of the electrode. This kind of block happened even with electrodes having a large tip 
2-3 p across and made all attempts to inject these small ions (see Table 5) unsuccessful. 
Moreover, if injected successfully, it may be expected that the cell is damaged seriously by 
this ion species, as KMnO, solution of concentration as small as 50 mm (0-6 %) suffices to fix 
the tissue for electron microscopy (Luft, 1956). Similar difficulty due to the oxidation can 
be expected also with ClO,~ ions, which, therefore, were not tested in the present experi- 
ments. With this ion species a further trouble would be introduced by a possible contamina- 
tion of Cl- ions. On the other hand, with BrO,~ there was neither blocking of the electrode 
nor any sign of liberation of Br~ due to an oxidation process, as described above (p. 419), 
the effect of which would be readily detected as a change of the IPSP. The time-course of 
this oxidation reaction may be too slow to affect the IPSP in the time scale of the present 
experiments. Since the redox potentials for ClO,~ and ClO,- ions are less negative than for 
BrO,-, the reduction of these ions, producing Cl~ ions, would not play any role in the 
observed IPSP change (pp. 412, 419). 

(c) Equilibrium with hydrogen ions. Fourteen injections of CN- ions were tried into six 


cells, but any effect upon the IPSP, which might be expected from their small hydrated size — 


(Table 5), could not be observed. However, since HCN has a very small acid dissociation 
constant (near 10-*, cf. Bjerrum e¢ al. 1958), even large injections cannot be expected to 
cause any appreciable concentration of free CN~ ions in the cell (see p. 420), Therefore, it 


was not possible to determine if the flux of CN~ ions could contribute to the production of 


the IPSP. Similarly, CO,*~ ions are untestable because of their small acid dissociation 
constant (near 10~-", cf. Bjerrum et al. 1958).. On the other hand, the dissociation constant 
for the second hydrogen of H,C,0, is large (more than 10-5, Bjerrum, Schwarzenbach & Sillén, 
1957); hence HC,0,~ ions injected into the cell would be converted almost completely into 


C,0,°-, so the former is untestable. Finally, seven anions, (CN),N~, (CN),C-, 8,0,?-,. 


(NO;),C-, CH,FCO,-, CH,CNCO,- and CH,ICO,-, are excluded, because there are no 
available data about their acid dissociation constants (cf. Bjerrum et al. 1957, 1958). 
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Recovery of the IPSP after anion injection 

With nine penetrating anions, Cl-, Br-, I-, NO,-, NO,-, SCN-, BF,-, 
C10,- and HCO,~, the presumed exponential time course of the IPSP 
recovery was tested by logarithmic plotting of the IPSP sizes, which were 
measurea as the algebraic difference from the values obtained at the end 
of the recovery. As is seen in Fig. 7C, the points obtained in three trials of 
NO,~ injections into one and the same cell fall along the same straight 
line. In the cell of Fig. 7B the magnitude of the IPSP increased with each 
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Fig. 7. A, illustrating a parallel change between the size and the steepest slope of 
rise of Ia IPSP by the injection of NO,~ ions. Specimen records of recovering 
IPSPs are shown in the figure with a sweep velocity fast enough to measure the 
slope of rise. B, logarithmic plot of the IPSP size in the course of recovery after the 
injection of I~ ions. Note that ordinates are algebraic differences of IPSP sizes in 
the course of, and at the end of, the recovery. Plots are obtained from four trials 
in the cell that is illustrated in Fig. 3B. C, similar to B but for the injection of 
NO,>~ ions in a different cell from that shown in Fig. 3A. 


injection of I- ions, and for as long as 20-40 sec after the injection the slope 
of the recovery was much less steep than later. Nevertheless, after the late 
onset the recovery curves approximated to parallel straight lines. These 
curves of the IPSP recovery can be assumed to express the decrease of the 
intracellular concentration of injected ions as the ions diffuse out across the 
cell membrane into its environment (cf. Coombs et al. 1955). 


Over a wide range of values the size of the IPSP is proportional to the steepest slope of its 
rising phase (Fig. 7A) and this slope provides a measure of the maximum intensity of the 


_ inhibitory post-synaptic current (Curtis & Eccles, 1959). Thus the differences between the 


sizes of the IPSPs during the course and at the end of recovery, plotted in Fig. 7B and C, 
can be taken as indices of the intensities of the inhibitory post-synaptic current due to the 
efflux of injected ions throughout the various stages of recovery, which would in turn be 
proportional to the intracellular concentration of injected ions at that time. The size of the 
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Renshaw IPSP is measured at a fixed time (Fig. 1B) and exhibits changes resembling those 
of the la IPSP (Fig. 8C and D), when obtained in the same cell. Therefore it can be taken 
likewise as an index of the internal concentration of injected ions, despite the more complex 
nature of its generation. | 

Several explanations may be offered for the initial slow rate of recovery that is seen in 
Fig. 7B, for example. As a rule, following the injection of anions of Table 3, the resting 
potential was reduced by 5-15 mV and then recovered to a steady level within 30-60 sec 

(Figs. 3 and 4). This reduction of the resting potential will diminish the size of the depolar- 

izing IPSP and this effect will decline as the resting potential recovers. Thus the decrease of 
the IPSP size in the initial period of the recovery would have been more rapid if the mem- 
brane potential had been kept constant. Furthermore, the lower resting potential would 
diminish the efflux of anions through the whole cell membrane and consequently the rate of 
the decrease in concentration of injected ions. Another factor to consider is the change of the 
cell volume. During the passage of the hyperpolarizing current for injecting ions it can be 
expected that cations, presumably largely K+ ions, are carried across the surface membrane 
into the cell and consequently that water enters the cell to keep the osmotic pressure con- 
stant (cf. Coombs et al. 1955 a). Conversely, anions escaping from the cell during the recovery 
phase should be accompanied by an equivalent quantity of K+ ions together with an 
appropriate quantity of water. The cell volume would thus decrease during the ion escape, 
which. would slow the rate of reduction of the anion concentration in the cell. 


As is shown in Fig. 7B and C, the rate of decrease of the IPSP size is 
' fairly constant when recovering from about 5 to 1 mV. The time constant 
of the anion escape was thus derived from the rate of the IPSP decrease in 
this region. As there were many occasions when a random fluctuation of 
the resting potential considerably affected the size of the IPSP, the cases 


showing an IPSP recovery under a well-controlled resting potential were | 


limited to 2-6 cells for each anion species. As will be realized from the 
description above (pp. 417-419), it was not possible to obtain any reliable 


values in the rate of recovery of the IPSP following injections of N,~ and — 


ClO,- ions. The time constants thus measured show a considerable range 
for any particular ion species (Table 4); nevertheless, there appear to be sig- 
nificant differences between the various anions. These differences correspond 
approximately with those in the half time obtained by Coombs et al. (1955 a) 
with four anions: Br~, 10-20; SCN-, 15-20; Cl-, 10-35; NO,-, 23-35 sec. 

In the constant-field theory (Goldman, 1943; Hodgkin & Katz, 1949; 
cf, also Coombs et al. 1955a) the time constant of the anion escape is 
related not only to the permeability coefficient of the membrane but also 
to the ratio of the cell volume to the surface area, and to the membrane 
potential. However, the cells employed in the calculations of Table 4 had 
large resting potentials (from — 60 to — 80 mV) and tolerated the penetra- 
tion and injection for a considerable time, which suggests that they were 
all large cells. Thus the modification of the time constant arising ‘from 
variations in the volume-to-surface ratio of the cell and in the membrane 
potential would be of little significance. Consequently, the time constant 
of the IPSP recovery can be assumed as Bese tn proportional to the 
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permeability coefficient through the whole surface area of the moto- 
neurone. The relative values of the latter are shown in Table 4. When 
determining the time constant, the IPSP was observed at a repetition rate 
of 5/sec, and therefore it may be questioned how far the above-determined 
permeability coefficients involve those of the activated inhibitory post- 
synaptic membrane. However, the following calculations would indicate 
that the leakage of ions through the activated inhibitory patches is 
negligible. 

| | TaBLe 4, Time constant of IPSP recovery 


Mean 
time. Relative 
Anion No.of No.of constant Range ability to 
species trials (sec) (sec) penetrate 
Br- 4 10 21 19-22 1-24 
SCN- 5 16 21 17-24 1-24 
Cl- 3 8 26 24-30 1-00 
NO,- 6 15 28 22-41 0-93 
BF,- 5 19 33 18-47 0-79 
| 4 14 39 32-45 0-67 
NO,- 3 BI 42 40-44 0-62 
ClO,~ 2 4 63 60-66 0-41 
HCO,- 2 6 90 88-92 0-29 


The relative ability to penetrate is obtained from reciprocals of time constants. The value 
for Cl- ions is taken as unity. 


The peak value of the inhibitory post-synaptic current generating each Ia IPSP can be 
derived approximately from the steepest rising slope of the IPSP (cf. Curtis & Eccles, 1959), 
on the assumption that the total effective capacity of the motoneurone membrane is 
2-5 x 10-*F (Coombs, Curtis & Eccles, 1959). The difference of the inhibitory current at a 
stage of the recovery following injection from that after the complete recovery can be 
assumed to be due to the injected ions at the former stage. The efflux of injected ions through 
the activated inhibitory patches is then obtainable by averaging the inhibitory current over 
the 2 msec of the activation for each Ia IPSP (Curtis & Eccles, 1959, Fig. 2), and further 
over the 200 msec of the repetition period. The integral of the average efflux over the whole 
course of the recovery yields the total quantity of ions ejected through the inhibitory 
patches. For example, this is calculated as 0-056 p-equiv in the case of Fig. 7A and 
0-072 p-equiv in that of Fig. 8A. On the other hand, the passage of a current of 5 x 10-°A 
for 60 sec could carry about 30 p-equiv of ions into the cell, and at least one fourth of them 
would remain at the end of the injection (Coombs et al. 1955a), and would then diffuse out 
of the cell during the course of the recovery. Consequently the activated patches of the — 
inhibitory post-synaptic membrane would contribute to no more than 1% of the total 
efflux of injected ions from the cell. 


Support for the above calculation is provided by the following experi- — 
ment. In four successive injections of HCO,~ ions into one and the same 
PBST cell having a large Renshaw IPSP together with the Ia IPSP, the 


_IPSP recovery was determined with different, combinations of synaptic 
. potentials on sweeps repeated at five/sec: (1) la IPSP+ EPSP; (2) Ren- 


shaw IPSP + EPSP; (3) la IPSP + Renshaw IPSP; (4) la IPSP + Renshaw 


-ISPP+EPSP. In the series (1) and (2) the efflux of HCO,~ ions through 
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the inhibitory patches should have been somewhat different because of the 
different durations of the active phase and of the different number of 
patches involved, and further, in the series (4) the ionic efflux through the 
inhibitory post-synaptic membrane should be the sum of those in (1) and 
(2).. Among these series, however, there is no significant difference in the 
rate of the IPSP recovery, which is indicated by the slope of interrupted 
lines in Fig. 8 A, B and D, the time constant ranging from 80 to 88 sec. 
Similarly, comparison of the series (3) with (4) reveals that the EPSP 
repeated with the same rate as the IPSP does not influence the time course 


67 msec 10 msec 
la IPSP IPSP 
“ee _| RIPSP 


1 


Fig. 8. Comparison of the time course of the IPSP recovery under operation of 
Ia IPSP, Renshaw IPSP and EPSP in different combinations. 7th (A), 8th (B), 
9th (C) and 10th (D) trials of HCO,~ injections into the same PBST motoneurone 
as shown in Fig. 5A. ©, size of la IPSP from quadriceps afferent (Q); @, size of 
Renshaw IPSP (RIPSP) induced by a L7 ventral root stimulation (V), which was 
just subthreshold for the axon belonging to the cell. Note that ordinates are 
differential sizes of IPSPs in logarithmic scale as in Fig. 7B and C. Specimen 
records were obtained just (upper traces), and about 6 min (lower traces), after 
injections by the passage of current of 5 x 10-*A for 60 sec. EPSPs were evoked 
from posterior biceps itendinosus afferents (PBST). 


of the IPSP recovery. In other cases a spike potential was combined with 
the IPSP without any appreciable modification of the IPSP recovery. 
Besides the artificially induced synaptic potentials the motoneurones 
receive a random bombardment through its synapses. Indeed, Fig. 2 
(A, B and E) shows a remarkable increase of the noise in the base line 
following the injection of ions, which apparently indicates the presence of 
random IPSPs. As is shown in Table 4, the time constant of the IPSP 
recovery varied over a considerable range for each anion species, but it was 
not possible to correlate it to the noise level in each cell. The contribution 
of the leaking current through randomly activated subsynaptic membrane 
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fo does not seem significant in modifying the IPSP recovery beyond the 

r of measurement in the present experiments. It can be concluded that 

| the activated inhibitory post-synaptic membrane forms an insignificant 

part of the surface membrane of the motoneurones for which the relative 

permeability to anions is determined in Table 4. 

/ Among the penetrating anion species HCO,- could possibly be destroyed _ 
by oxidation in the cell. The hydrogenlyase found in certain bacteria 
catalyses reversibly the conversion of formic acid into CO, and H, (ef. 
Sumner & Myrback, 1952). The relative ability of HCO,~ ions to penetrate 
through the cell membrane would then be smaller than that indicated by 
the relative value of the time constant of IPSP recovery. However, as this 
ion species is at the extreme upper end of the present sequence of time 
constants, this possibility does not detract from the assumed sequence of 

- abilities to penetrate in the reversed order of the time constants (Table 4). 
An enzyme which oxidizes SCN- to CN- ions was reported in erythrocytes 
of man and certain other species (cf. Goodman & Gilman, 1955), but there 

| are no data available about nerve cells. 


Influence of anions on the EPSP and spike potential 
Monosynaptic EPSPs were recorded by sampling intermittently or 
continuously in the sweeps that were used for displaying the IPSPs (Fig. 2). 
Figures 3 (A, B), 4 (A, B) and 5 (A) show that the EPSP remains un- 
| changed or is transiently decreased in size following injection of anions 
| which produces a large change of the IPSP. This behaviour of the EPSP is 
readily explained by a transient change in the resting potential. According 
to Coombs, Eccles & Fatt (19555), the size of the EPSP is reduced with a 
decrease of the resting potential when the latter is relatively low, while 
when the resting potential is high it remains almost constant against small 
alterations of the resting level. A large decrease of the EPSP by injection 
of toxic anions (Figs. 5B) can similarly be accounted for by a heavy reduc- 
tion of the resting potential. 
: _ The depression of the spike potential, as illustrated in Figs. 3A and 5B, 
| can also be attributed to a reduction in the resting potential. No anion 
species influenced the ne potential without a change in the resting 
potential. 
4 DISCUSSION 
Table 5 lists forty-one anion species dealt with in Results in the order a 
_ their hydrated size relative to K+ as calculated from the limiting con- 
ductance. The latter values in water at 25° C (except for BF,-) are avail- 
able in compilations by Landolt-Bornstein (1936), Harned & Owen (1943) 
and Robinson & Stokes (1959). These anions are now classified into three 
categories; penetrating + , non-penetrating —, untestable X. It is notice- 
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able that the separation into two groups of penetrating and non-penetrating 
ions is attained sharply by their effectiveness on the IPSP, and that there 
are no transitional ions forming an intermediate zone. The possibility that 
HCO, ions fall in this zone is excluded above (p. 421), because their small 
effect could be attributed to a secondary process induced by their injections 
in the cell. 

Since Boyle & Conway’s (1941) discussion, it has generally been accepted 
that the permeability of the muscle membrane is selective to small 
hydrated ions. Large hydrated ions, either cations or anions, pass the 
membrane only with difficulty (see also Hutter & Noble, 1960). The pore- 
structure hypothesis of the membrane was thus proposed ; the exterior and 


interior media of the cell communicate through pores, and small hydrated 


Taste 5. Effects on the IPSP and some physical properties of anions 


Hydra- 
tion 
Relative energy Naked Relative 
IPSP hydrated (kcal/ ion size IPSP hydrated 

Ion __ effect size g ion) (A) Ion effect size 
CN- x 0-93 ‘ (CN),C- x 1-58 
Br- + 0-94* 63 1-95 (NO,),C- x 1-60 
i + 0-96* 49 2°16 1-65* 
Cl- + 0-96* 67 1-81 CH,FCO,- x 1-66* 
NO,- + 1-02* (64) (1-32) CH,CNCO,- x 1-69* 
NO,;- + 1-03* (55) (1-98) CH,CO,- 1-80* 
N;~ + 1-07* ; CH,ICO,- x 1-81 
+ 1-09* (54) (2-92) HC,0,-~ x 1-83t 
SCN- + 1-11* (45) 1-84* 
BF,- + 1-12} (2-88) C,0,2- 1-94* 
clo,- + 14* (61) (2- 16) H,Po, wate 2-04 
MnO,~ x 1-17 : 2-04 
BrO,~ 1-32* (68) (2-38) CO,?- x 2-12* 
F- 1-33* 94 1-36 Fe(CN),3- 2-19 
ReO,~ x 1-34* CH,(CH,),CO,- 2-25* 
HCOo,- 1-35* (2-03) C,H,(NO,),0-. X 2-41* 
(CN),N- 1-35 HP 2-58 
x 1-41 Fe(CN),‘- 2-66* 
HSO,- 1-47 Citrate 3-08 
8,0," x 1-58 L-Glutamate — 


Relative hydrated sizes were calculated by Stokes’s law from limiting conductances in 
water at 25°C (*Robinson & Stokes, 1959; + Harned & Owen, 1943; others, Landolt- 
Bérnstein, 1936) except that for BF,- (¢) which was derived from the Stokes radius in 
liquid sulphur dioxide relative to that of ClO,~ in the same solvent (Lichtin & Pappas,1957). 
Hydration energy for halide ions is obtained from Kortiim & Bockris (1951). Other values 
of hydration energy in parentheses were calculated from lyotropic numbers (Voet, 1937) 
with quoted values for halide ions as standard. Naked ion sizes are shown for halide ions by 
their crystal radii (Pauling, 1960) and for oxy-anions by 0-25 nr (in parentheses), where n is 
the number of arms extending from the central atom and r their length, i.e. the interatomic 
distance between the central atom and the surrounding oxygen atoms plus van der Waals 
radius of the oxygen atom (Coutour & Laidler, 1957). Values of 0-25 nr for BF,- and HCO,- 


ions were calculated in a similar way from the data given by Pauling Ld employing for 


HCO,~ the average length of two C—O and one C-H ligands as r. 
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ions thereby pass the membrane, while those larger than the pore size are 
all non-penetrating. No interference of ions with the pore wall is implied in 
the theory. The applicability of this hypothesis to the inhibitory post- 
synaptic membrane (Coombs ef al. 1955a) can now be criticized on the 
basis of an extensive anion series. In Table 5 there are twelve anions with 
hydrated size finely graded around unity of K+ ions, from 0-93 of CN- to 
1:17 of MnO,-, while a further increase of the hydrated size is obtained 
with a jump from 1-17 for MnO,~ to 1-32 for BrO,-, as the dotted line in 
Table 5 indicates. With the exception of CN- and MnO,-, which could not 
be successfully tested, all ions above the line in Table 5 were able to pene- 
trate the inhibitory subsynaptic membrane. On the other hand, ability to 
penetrate was displayed for only one species of anion, HCO,~, below this 
line, ie., with hydrated sizes of 1-32 or higher. Evidently, HCO, ions 
present the only inconsistency with the pore-structure hypothesis of the 
activated inhibitory post-synaptic membrane. This exception, however, 
might be accounted for by consideration of the following factors. One 
possibility is that the relative hydrated size of HCO,~ ions is smaller at 
38° C (the cat temperature) than at 25 °C. For example, the relative size 
of Na+ ions against K+ ions decreases from 1-47 at 25 °C to 1-43 at 35 °C, 
though the relative sizes of Cl-, Br-, I- and NO,~ are known to be much 
the same at 35 °C as at 25 °C (cf. Robinson & Stokes, 1959). There are, 
however, at present no data about the temperature effect on the limiting 
conductance of HCO,~ ions. Another possibility is that the HCO,~ ion 
has an ellipsoid rather than a spherical shape and hence may pass through 
pores smaller than the average diameter of these ions. It may be recalled — 
that the relative permeability to Cl-, Br~ and I- ions through an artificial 
ion-exchange membrane is in the order of their polarizability, which makes 
these ions behave like rods (cf. Shanes, 1958). If the results can thus be 
reconciled with the pore-structure hypothesis, the size of pores in the 
activated inhibitory post-synaptic membrane can be determined as smaller 
than the hydrated size of BrO,~ ions, yet larger than that of ClO,~ ions. 
Though there is considerable discrepancy between the results of different 
methods of measuring the degree of hydration of ions or the absolute size 
of hydrated ions (see Bockris, 1949; Bell, 1958; Stern & Amis, 1959), 
values of 3-25 and 2-85A will be adopted for the sizes of hydrated BrO,- 
and ClO,~ ions respectively (Kielland, 1937). These values can be regarded 
as the upper and lower limits of the effective pore radius in the activated 
inhibitory post-synaptic membrane of cat spinal motoneurones. 
The existence of pores such as assumed by Boyle & Conway (1941) — 
recently been demonstrated in the erythrocyte membrane by quite in- 
_ dependent techniques (Solomon, 1960), the radius of pores being deter- 
mined at 3-4~-4-2A. These pores are presumed to be charged positively, 
28 Physiol. 159 
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which would account for the large difference between the permeabilities to 
Cl- and K+ ions with similar hydrated sizes (Table 5). On the activated 
inhibitory post-junctional membrane of the crustacean muscle Boistel & 
Fatt (1958) already adopted a similar assumption for explaining the 
differential permeability between Cl- and K+ ions. On the other hand, 
according to the recent comparative measurements of cation permeability 
in the muscle membrane (Conway & Moore, 1945; Lubin & Schneider, 
1957; Sjodin, 1959; Mullins, 1959; Mullins & Moore, 1960) there is a large 
variation in the relative permeabilities to K+, Rb+, Cs+ and TI* in spite of 
their similar hydrated size. Since this is inexplicable by the pore-structure 
hypothesis, the theory has been modified by assuming that ions interact 
with the pore wall (Shanes, 1958; Mullins, 1959, 1960). The relative 
permeability would then be governed by a combination of factors such as 
hydration energy, naked ion size and statistical distribution of pore size. 
Unfortunately, as pointed out above (p. 426), it is not possible to evaluate 
accurately the relative effect of anions in the present experiments. More- 
over, even when two different anions are injected into one and the same 
cell through a double-barrelled micro-electrode, the comparison of their 
effects is fraught with uncertainties, because the accumulation of anions 
during the injection would vary on account of the different rates of the 
ionic losses from the cell during the injection and also because of the 
possible differences in the transport numbers for the different ions being 
injected. Consequently it would be premature to discuss the possibility of 
interaction of ions with the pore wall in the activated inhibitory post- 
synaptic membrane. However, it should be pointed out that the excep- 
tional behaviour of HCO,~ ions in relation to the pore-structure hypothesis 
cannot be accounted for by assuming an interaction between ions and the 
pore wall after the manner suggested by Shanes (1958) or by Mullins (1959, 
1960). 

According to Mullins (1959, 1960) the permeability to ions is determined by the matching 
of their size in 4 dehydrated state with pore size, for which a Gaussian distribution is 
assumed tentatively ; ions either too large or too small in their naked size fail to invade the 
membrane by replacing their hydration with the solvation obtained from the pore wall. 
However, it cannot be explained in this way that in the series of naked ion sizes (Table 5) 
the membrane is as permeable to small HCO,~ ions as to large Cl0,~ or BF,-, but is im- 
permeable to BrO,~ which lies in between. By Shanes’s (1958) hypothesis the imperme- 
ability to BrO,~ or F~ ions should be attributed to their large hydration energy, because 
another limiting factor, the naked ion size, is smaller for them than for penetrating Cl0,~ and 
BF,-. For HCO,- ions the hydration energy is not given in Table 5, but the larger hydrated 
size, in comparison with BrO,-, in spite of the smaller naked size suggests a higher degree of 
hydration, and so a larger hydration energy. This is in conflict with the fact that HCO,~ ions 
readily pass through the activated inhibitory post-synaptic membrane. 


On the other hand, the relative anion permeability of the whole surface 


area of motoneurones was estimated from the relative values of the time . 
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 eonstant of the IPSP recovery (Table 4). Comparable figures are available 
from investigations on muscle membrane. Conway & Moore (1945) found 
that Cl-, Br- and NO,~ ions penetrate the resting membrane in the ratio 
of 1:0-67:0-5. Abbott (quoted by Hill & MacPherson, 1954) reported a 
much slower escape of radioactive I- from the muscle (time constant, 
90 min) than of radioactive Cl- (time constant, 10 min). Recently, Harris 
(1958) gave the following figures for time constants of escape of anions 
from muscle to normal Ringer’s solution: Cl-, 8-16 min; Br-, 10-13 min; 
SCN-, 46 min; I-, 60 min; NO,-, 80 min; while Simon, Johnstone, Shankly 
& Shaw (1959) obtained a faster rate of escape of I- ions than Harris (1958) 
found. Discrepancies between these authors are apparently due to the 
difference in the external ionic composition employed and in the method of 
loading muscles in solutions containing various anions. The present 
sequence of permeability (Table 4) is in reasonable agreement with the 
_ sequence presented by Harris (1958) except for the high permeability dis- 
played for SCN~- ions. It is uncertain whether this discrepancy for SCN-_ 
ions is due to the difference between the mammalian spinal motoneurones 
and frog muscles either in respect of the membrane itself or of the meta-— 
bolic process destroying SCN- ions within the cell (see p. 427). 

With the series of nine anions of Table 4, it is interesting to discuss the 
validity of various hypothesis for explaining the order of their relative 
permeability in the whole surface of the motoneurone. First, from the 
point of view of Boyle & Conway’s theory (1941), the slow penetration of 
ClO,- and HCO,~ ions is in keeping with their large hydrated size. How- 
ever, as pointed out by Shanes (1958), the much lower permeability for 
I- relative to Cl-, Br- or even NO,~ cannot be explained on the same basis, 
because their hydrated sizes are very close to each other (Table 5). Secondly, 
for the polyatomic ions NO,~, NO,~, and ClO,~ the permeability is in- 
versely related to the naked ion size, but this relation is not obeyed by the 
ions HCO,~ and BF,~ (Table 5). This is not explicable even by assuming a 
normal distribution of the pore size (Mullins, 1959, 1960). The third factor 
to consider is the hydration energy of ions. There has been a series of 
attempts to correlate the anion effects on the muscle, which would in turn 
relate to the anion permeability, with the well-known lyotropic series 
(Chao, 1934, 1935; Hill & MacPherson, 1954; Harris, 1958; Hutter & 
Padsha, 1959). The importance of the adsorbability of ions to the mem- 
brane, in terms of the lyotropy, has thus been emphasized, as influencing — 


_ their penetration through the membrane (see Harris, 1956). The lyotropic 


series of anions follows the reversed order of their hydration energy (Voet, 
1937), which is given in Table 5; Cl- > NO,~ > Br- > ClO,- > NO,~ > 
I- > SCN-. Even though the most serious inconsistency by SCN~ ions is 
excluded by the possibility of their chemical destruction (see p. 427), the 
28.2 


> 


432 T.. ARAKI, M. ITO AND 0. OSCARSSON 


penetration of ClO,~ which is slower than NO,~ or even I~ does not agree 
with this sequence. 

In short, it is not possible to account for the present sequence of relative 
permeability by any one of these factors, but perhaps an appropriate 
combination of them may. be more successful. By Shanes’s (1958) hypo- 
thesis deviations at the position of HCO,~ as well as of BF’,~ in the relation 
between the relative permeability and the naked ion size (see above) could 
be adjusted by taking the hydration energy into account. As previously 
mentioned, the hydration energy of HCO,~ should be large, at least more 
than that for BrO,-, so that the slow penetration in spite of the small naked 
size may be expected. In comparison with ClO,;-, BF, would have a 
smaller degree of hydration, and so a smaller hydration energy, because of 
the larger naked ion size against the presumed similar hydrated size (see 
legend of Table 5). This could then be the cause of the relatively quick 
penetration of BF,-. However, an exact weighted relation between the 
hydration energy and the naked ion size in determining the permeability 
would be necessary for establishing this hypothesis. 


SUMMARY 


1. Single micro-electrodes filled with solutions containing various 


anions were inserted into cat motoneurones in the lower lumbar segments 
and used both for electrophoretic injection of anions and for intracellular 
recording. 

2. The effect of injections was appraised by cena! in IPSPs, especially 
Ia IPSPs in PBST motoneurones, but also Renshaw IPSPs or poly- 
synaptic IPSPs. 

3. As revealed by the reversal and subsequent recovery of IPSPs, the 
activated inhibitory post-synaptic membrane was found to be permeable 
to seven anion species, I-, NO,-, BF,-, ClO,-, ClO,-, HCO,- and N;~ ; in 
addition to those reported, Cl-, SCN- and NO,- 

4, Eleven new anion species were ineinded i in the group of anions unable 
to penetrate the activated inhibitory post-synaptic membrane, while 
fourteen anions remained untestable. 

5. The time constants of the IPSP recovery after injections were 
assessed for nine penetrating anions, by which a sequence was determined 


for the order of their relative ability to penetrate the whole cell membrane; © 


Br~ = SCN- > Cl- > NO,- > BF, > I- > NO,- > Cl0,- > HOO,-. 
6. No anion species was found to affect EPSPs and spike potentials 


primarily, any effect appearing to be secondary to a depression of the 
membrane potential. 


7. The ability of anions to penetrate the activated inhibitory post- 


synaptic membrane was related to their relative hydrated sizes and was 
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reconcilable with the pore-structure hypothesis of the activated inhibitory 


post-synaptic membrane. 


8. The sequence of the relative permeability to anions through the whole 
cell membrane was compared with that obtained in the muscle membrane. 
The applicability of various hypotheses was discussed. 


The authors wish to thank Professor Sir John Eccles for his constant encouragement, 
kind advice and helpful criticism throughout the course of this investigation. They are also 
indebted to Professor F. J. Dwyer and Dr J. C. Watkins for their useful discussion of 
chemical problems. 
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THE ACTIVITY OF PULMONARY STRETCH RECEPTORS 
DURING BRONCHOCONSTRICTION, PULMONARY OEDEMA, 
ATELECTASIS AND BREATHING AGAINST A RESISTANCE 
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Adrian (1933) concluded that pulmonary stretch receptors were primarily 
responsive to the volume of gas in the lungs. While this is generally ac- 
cepted, subsequent investigations have shown that their activity is 
modified by other factors. Weidmann & Bucher (1951) found that they 
responded to changes in intrapleural pressure when the trachea was 
closed, Marshall & Widdicombe (1958) and Constantin (1959) showed that 
their activity was increased by pulmonary congestion, and Davis, Fowler & 
Lambert (1956) that the rate of change of lung volume influenced their 
discharge. Many pulmonary stretch receptors have a cardiac modulation 
of their discharge at low frequencies of firing, and many are stimulated by 
forcible deflation of the lungs (Widdicombe, 1954)). 

Bronchial tone is a possible influence which has not been adequately 
studied in this respect. Intravenous injections of drugs causing broncho- 
constriction lead to sensitization of pulmonary stretch receptors excited by 
positive pressure inflations (Widdicombe, 1954c) but these drugs also cause 
changes in the pulmonary circulation which might explain the changes in 
_ discharge frequency. Whitteridge (1948) found that inhalation of phosgene 
caused no change in the behaviour of pulmonary stretch receptors, but the 
mechanical properties of the lungs were not assessed, so it is uncertain if 
bronchoconstriction occurred. This paper describes a re-investigation of 
this problem; it is important partly because the receptors are thought to 
lie in the air-passages and therefore a response to alterations in bronchial 
muscle tone might be expected, and partly because a possible role for the 
pulmonary stretch receptors is to signal changes in the physical state of 
the lungs and thus to adjust the pattern of breathing to be mechanically 
~ economical (Otis, Fenn & Rahn, 1950; Christie, 1953) or to minimize 
respiratory muscle force (Mead, 1960). 


* Present address: University Laboratory of Physiology, Oxford. 
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As well as bronchoconstriction, the addition of resistances external to 
the airway, pulmonary oedema and atelectasis have been tested on pul- 
monary stretch receptor activity. 


METHODS 


The anaesthetic was pentobarbitone sodium (Nembutal, Abbott Laboratories Ltd, 
$2 mg/kg) given intraperitoneally to cats, and intravenously to rabbits. Intra-oesophageal 
pressure was recorded with a condenser manometer connected to a saline-filled catheter; 
changes in this pressure were considered equivalent to changes in intrapleural pressure. The 
frequency response of the recording —— was better than 200 c/s. Air flow was recorded 
from a gauze-screen p otach h similar to, but smaller than, that described by 
Lilley (1950) for man. Lung volume changes were obtained by planimetric integration of the 
air-flow record, or by enclosing the animal in a trunk plethysmograph (Dawes, Mott & 
Widdicombe, 1951), and measuring with a condenser manometer the small pressure changes 
in the closed system. 

Action potentials were recorded from single active nerve fibres in the peripheral end of a 
cut cervical vagus nerve.. Small strands were dissected from the nerve, placed on saline- 
wick or platinum electrodes, and their electrical activity amplified, displayed on a cathode- 
ray oscilloscope and recorded in conventional manner. All the pulmonary stretch receptors 
studied were Mowly adapting with low thresholds (Adrian, 1933). 

Bro iction was induced by administration of an aerosol of a 2-5 % solution of 
histamine acid phosphate from a clinical ‘atomizer’; the animals inhaled the aerosol during 
spontaneous breathing for sufficient time (15-50 breaths) to cause bronch triction, 
Lung resistance (total viscous resistance to flow) was calculated from analysis of the trans- 
pulmonary pressure, air flow, and lung volume records (Crosfill & Widdicombe, 1961). Lung 
compliance was also determined from these records, and from the transpulmonary pressure 
changes during lung inflations to known volumes with a syringe. 

Pulmonary oedema was produced in rabbits by intravenous injection of adrenaline 

sulphate (1-4 mg) and was detected by the appearance of froth in the trachea. With 
_ eats oedema was caused by rapid intravenous infusion of large volumes of isotonic saline 
(up to 200 ml.). 

- Pulmonary collapse was induced in the left lung of cats whose life was maintained by 
breathing with the right lung. Through a lateral chest opening the right main bronchus was 
- ¢annulated and the attached tube passed through the chest wall, which was then closed to 
allow spontaneous breathing (Widdicombe, 1954a). The stump of the right main bronchus 
was ligated, The left lung was allowed to breath 100% O, through the tracheal cannula, 
and after 5-10 min the cannula was closed. Over the next five minutes the O, was absorbed 
and the left lung collapsed completely; this was confirmed subsequently by repeating the 
procedure and opening the chest before re-inflation. 

The lungs were inflated either to constant volumes with a syringe, or to constant pressures 
from a pressurized tank or from a weighted bag. Inflations with a syringe were usually pro-— 
gressive in steps of 20 ml. up to 100 ml., but the inflations were sometimes interrupted with 
the lung volume returning to resting level between inflations. In some experiments cats were 
enclosed from the neck down in a trunk-plethysmograph and the lungs inflated by con- 
necting the box to a negative-pressure tank or by withdrawing air from the box with a 
syringe. 

The Hering-Breuer reflex was assessed in animals with intact vagi by inflating the lungs 
and determining the ratio of the apnoeic pause during inflation divided by the average length 
of the respiratory cycle before inflation. 
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RESULTS 

Pulmonary collapse. This was studied with eight pulmonary stretch 
receptors from four cats and a rabbit (Table 1). During the collapse five of 
the receptors began to discharge or increased their spontaneous discharge ; 
three of these had spontaneous activity at the resting lung volume, and in 
these the discharge rate increased. On re-inflation of the collapsed lung all 
but two of the end-organs were stimulated by far smaller volumes than 
previously, in spite of the fact that the lung gas volume had been decreased 


TaBLE 1. Activity from pulmonary stretch receptors during 


lung oedema and collapse 
Response 
At resti On forced During ee. On 

Receptor lung deflation collapse re-inflation 
58A 0 0 0 Inhibited 
58B 0 0 0 Sensitized 
59A 0 0 + Inhibited 
59B 0 0 +, irreg. Sensitized 
*62D 0 + 0 Sensitized 
63A Active + + Sensitized 
63C Active 0 + Sensitized 
63D Active ++ +, irreg. Sensitized 
*114A 0 0 eres 0 Inhibited 
113D 0 + ‘ + Sensitized 
53D | Active 0 + Sensitized 
115B Active + 0 Sensitized 


+, ++; small and large increases in discharge frequency compared with the discharge 
rate at resting lung volume. Irreg.; irregular discharge pattern. Inhibited and sensitized 
refer to the response to inflations with a syringe to constant volumes. * = rabbit. 


- nearly to zero. In some instances very small volumes of air (1-5 ml.) 
caused rapid discharges, whereas the same inflation would have caused 
only a small increase in frequency in aerated lung (Fig. 1). The discharge 
adapted more rapidly than in the previous controls, and the volume-—fre- 
quency curves were asymptotic (Fig. 2); this prevents a quantitative 
assessment of the sensitization. Two endings were not stimulated by 
inflation of the lungs until the lobes were nearly completely aerated, when 
the receptors suddenly started to discharge rapidly. On complete aeration 
of the lobes all the receptors took up their control volume-discharge- 
frequency relationships (Fig. 2). 

Pulmonary oedema. Only two cats and two rabbits were used for these 
_ experiments; the production of oedema kills the animal and only one 
_ receptor can be investigated in each individual. The behaviour of the 
receptors was similar to that after collapse. Three endings responded 
vigorously to very small inflations; for example receptor 115'B was excited 
by inflations of 0-5 ml., whereas previously the threshold had been over 
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Fig. 1. Response of a pulmonary stretch receptor (59 B) before and during collapse 
of the lung. Upper trace: action potentials in left vagal nerve fibre. Lower trace: © 
intratracheal pressure. A: 20 ml. inflation of the left lung at signal. The left lung 
was then collapsed. B: 1 ml. inflation of left lung. C: 5 ml. inflation of left lung. 
Collapse of the lung caused a spontaneous discharge from the receptor, and the 
small inflations produced a greater discharge frequency than the larger inflation 
before collapse. The nerve strand was readjusted on the electrodes between 
A and B. 


Discharge frequency (impulses/sec) 


| 0 | 10 20 "30 


Inflation volume (ml.) 


Fig. 2. Lung-volume-impulse-frequency curves for a pulmonary stretch receptor 
(62D) before (A) and during (O) ‘collapee of the left lung, and after re-inflation 
(x). Collapse caused a great sensitization at low lung volumes, and an eaymptotio 


shape to the curve. 
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15 ml. from the expiratory level. One ending (114A) was not excited on 
subsequent inflation until 50 ml. of air had been forced into the lungs, 
although previously its threshold had been about 7 ml. above the resting 
volume. As with collapsed lung, when oedema lowered the threshold of 
the receptors it also caused an asymptotic volume/response curve, but 
since the condition was irreversible the curve never returned to the control 


(cm H,0) (cm H,0) 


1 sec 

_ Fig. 3.' Response of a pulmonary stretch receptor (113D) before and during 
oedema formation by saline infusion into a cat. Uppermost trace: action 
potentials. Middle trace: left atrial pressure. Lowest trace: intratracheal pressure. 
A: control. B: during saline infusion. The left atrial pressure and intratracheal 
pressure (constant volume inflations with a pump) are increased, and there is a 
greater discharge from the receptor. C: after the infusion oedema is present, the 
left atrial pressure has returned nearly to normal, and the intratracheal pressure is 
even higher during inflation. The receptor now discharges with the: lungs at 
‘resting level’ and has a greater peak discharge during inflation. 


position. In the cats with saline infusions the receptor sensitization typical 

of pulmonary vascular congestion (Marshall & Widdicombe, 1958) was 

seen before the appearance of oedema fluid (Fig. 3), but the latter formed 
too rapidly in the rabbit to allow this intermediate phase to be seen. 

__ Bronchoconstrietion. Bronchoconstriction induced by inhalation of 

histamine aerosol was tested on fifteen pulmonary stretch receptors 
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(eleven from cats, four from rabbits). Eleven of these showed enhancement 
of their response to constant volume inflations and four little change 
(Table 2). Figures 4 and 5 illustrate the results. For inflations of 60 ml. 
the mean increase in discharge frequency 1 sec after the end of inflation 


‘was 21-1 impulses/sec, or 29-5°% above the control value before broncho- 


constriction. The corresponding values for 100 ml. inflations are 16-5 im- 
pulses/sec and 15:9%. These are statistically significant (P < 0-01) and 
sensitizations of similar significance were found at all levels of inflation. 


TABLE 4. rachatiiied from pulmonary stretch receptors during 


br triction when Somnptiannn decreased 
.discharge frequency _. Lung 
(impulses/sec) Lung Lung time 
Compliance resistance constant 
Receptor at 60ml. at 100ml. (% change) (% change) (% change) 
33A 19 20 —12 47 39 
35A 43 44 -—17 258 198 
46F 21 34 — 23 217 145 
47A 35 14 —11 150 122 
47B 5 — 3 —12 127 100 
47C 34 2 —14 163 126 
57A 24 29 — 43 473 327 
57C - 9 5 — 36 ee 198 
57D 20 12 — 42 325, 146 
57E 29 11 —15 70 45 
*25A 17 —18 
*45A 38 | —25 72 29 
*24C 2 6 — 16 
*24D 30 24 —15 
*53D 9 ; —15 25 7 
Mean 16-5 
Values are increases (positive) unless otherwise expressed. All values are differences from 
controls obtained before bronch icti Compliance and resistance were measured 


during spontaneous breathing. * = ‘rabbit. 


Sometimes the volume-response curves became asymptotic, suggesting 
that some pulmonary units had closed off. Thus the mean percentage 
sensitization was greater at small volumes than at large volumes. 

This increase in discharge is probably not due to a rise in functional 


_Tesidual capacity because the increase in expiratory lung volume measured 


in four cats was only 3-4 ml. (range 1-2-3-9 ml.) which is far too small to 
account for the sensitization. Furthermore, the shape of the volume-re- 
sponse curves could not easily be accounted for by a rise in functional 
residual capacity which should merely elevate the curve (Fig. 5). The 


Increases in airway resistance were from 25 to 473 % of the control values 


(measured in seven of the nine animals); compliance always decreased (by 
down to —43°% of the controls). Blood pressure and heart rate did not — 


a 
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appreciably change, although respiratory fluctuations in blood pressure 
became larger. 

Inflations were also made at constant pressure, either positive or 
negative ; inflation volumes decreased owing to the stiffening of the lung. 
For nine receptors in four cats, four showed a greater discharge frequency 
for given pressure inflations, two little change, and three a decrease in 
frequency. The mean change was not statistically significant from the 
controls. 


1.0.P. 
(cm H,0) 
+5 


1 sec 

Fig. 4. The effect of bronch triction caused by inhalation of histamine aerosol 
on the discharge of a pulmonary stretch receptor (47C). Upper trace: intra- 
oesophageal pressure. Lower trace: action potentials. At the first arrows the 
tracheal cannula was closed, at the second arrows the lungs were inflated with a 
syringe. A and C are 40 ml. inflations; B and D are 80 ml. inflations. Between 
B and C the cat inhaled 3 % histamine aerosol for twenty-five breaths, which led 
to a greater discharge frequency at both lung volumes. 


Attempts were made to obtain an increase in resistance to flow without 
_ change in compliance, as is possible with human beings inhaling histamine 
aerosol (DuBois & Dautrebande, 1958). This proved difficult with the cats, 
_ and it was successful for only six out of ten receptors (Table 3). With these 
the pulmonary resistance increased a mean of 69% (range 15-180) and | 
the impulse frequency increased a mean of 4 impulses/sec (range — 15 to 
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+23 for 32 measurements at different inflation volumes). This increase is 
not statistically significant. Figure 5 illustrates a typical negative result. 

The action of histamine aerosol was also tested on the Hering-Breuer 
inflation reflex (four cats, three rabbics). With constant-volume inflations 
the reflex was always enhanced, whether expressed as a ratio or as the 
} absolute length of the apnoea (Fig. 6). With inflations to constant pressure, 


100 
80 
6 
2 40 
5 20 
4 
, 
0 20 40 60 80 100 
Inflation volume (mi.) 
Fig. 5. Inflation-volume—disch fi ey curves for a pulmonary stretch 


receptor (46F). A: control ouve. O: efter 10 breaths of 5 % histamine aerosol, 
which caused a 5% decrease in compliance, and a 72% increase in resistance. 
There is no significant change in the receptor activity. @: after a further 20 
breaths of histamine aerosol. The compliance was now decreased 23% and the 
resistance increased 217%. The receptor discharge is increased at each volume. 


TABLE 3. Activity from amines stretch receptors during 
bronch triction when compliance did not greatly change 


Change in 
discharge frequency Lung 
(impulses/sec) Lung Lung time 
iA compliance resistance constant 


Receptor ‘at 60 ml. at 100ml. (% change) (% change) (% change) 


46F 6 “es —5 72 64 
: 47A 10 ~ 7 0 15 15 
| 47B =~iS — 4 —5 33 27 
| 47C 5 4 —8 60 47 
| 57A 7 23 +3 180 188 

57D 8 10 : —4 54 48 

Mean 3-5 5-6 

$.E.M. 3-8 4-4 


| Values are expressed as in Table 2. 
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and therefore reduced volume, the reflex was reduced in two cats, potenti- 
ated in one and showed little change in four; expressed as the absolute 
length of the apnoea, two animals had shortened inhibitions, and the 
other five showed little change. There was no correlation with species. 
Resistance breathing. Weidmann & Bucher (1951) have shown that many 
pulmonary stretch receptors modify their discharge rate when the intra- 
pleural pressure changes at ‘constant’ lung volume (with the trachea 


20 
3 
= 10h 
& 
0 20 40 60 80 100 


Inflation volume (ml.) 


- Fig. 6. Changes in the activity of the Hering—Breuer inflation reflex before and | 
during inhalation of 3% histamine aerosol. The strength of the reflex is expressed 

- as the ratio of the length of the apnoea caused by lung inflation to the length of the 
control respiratory cycles (ordinate). The lungs were inflated with a syringe to 
given volumes (abscissa). A: control. ©: after 15 breaths of aerosol. @: after 
a further 15 breaths of aerosol. 


occluded). This has been confirmed. Of twenty-two receptors, sixteen 
increased their activity when the intrapleural pressure became more 
negative under these conditions, four showed little change, and two were 
inhibited. For the sensitized receptors, when the lung volume was just 
below threshold each inspiratory effort caused a discharge; when the 
volume was well above threshold for the ending there was an increase in 
the frequency of the continuous discharge. ‘Eupnoeic’ inspiratory efforts 
caused an increase in the rate of firing and the absolute change in frequency 
varied little with the lung volume. For all twenty-two receptors there was 
a mean increase in discharge of 10-5 impulses/sec (s.u.m. 2-4) during 
inspiratory efforts against a closed trachea, which is statistically signifi- 
cant (P < 0-01). 


It was therefore expected that adding a resistance to the tracheal can-— 


nula would sensitize the majority of receptors for given volumes during 
spontaneous breathing. With a resistance of 13-2 cm H,O/l./sec (about the 
_ cat’s total lung resistance) three out. of seven receptors were slightly 
sensitized, one inhibited, and three gave no clear change in response. 
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Since, however, adding a resistance slowed the rate of inspiration and 
therefore allowed longer for the receptor to adapt, it is possible that the 
three last-mentioned endings would have shown sensitization had the rate 
of inflation been as rapid as in the control breaths. Because of this diffi- 
culty in talon more receptors were not studied with this technique. 


DISCUSSION 


It is likely that pulmonary stretch receptors are ‘smooth muscle 
spindles’ in the walls of the airways (Larsell, 1922; Elftmann, 1943) since 
these end-organs alone have a histological appearance which correlates 
well with the properties of the pulmonary stretch fibres (Widdicombe, 
1954c). These smooth muscle receptors lack the complexity of structure of 
skeletal muscle spindles, and their microscopic appearance does not indi- 
cate how they might respond to contraction of the smooth muscle in which 
they lie. Many of the receptors are excited by collapse as well as by dis- 
tension of the airways, and this is especially true of those in the extra- 
pulmonary air passages (Widdicombe, 19545). 

The changes in activity of pulmonary stretch receptors during atelec- 
tasis and oedema can be explained if the endings lie in the air passages. 
When the alveoli are collapsed or contain oedema fluid, a lung inflation will 
cause a disproportionate distension of the airways, since surface tension 
will hinder the entry of gas into the alveoli. The physical properties of 
collapsed lungs have been reviewed by Radford (1957) and by Clements, 
Brown & Johnson (1958); a critical pressure is required to open collapsed 
alveoli, and until this pressure is reached the insufflated air will remain in 
the air passages. The elastic pull of collapsed or oedematous alveoli will 
also affect airway diameter, and thus it is not surprising that the ‘spon- 
taneous’ discharge of the receptors changed during the onset of both 
conditions; nor is it surprising that a few receptors were not stimulated by 
small inflations, for these endings may have been in collapsed or oedematous 
areas more resistant to inflation than the rest of the lung. Although 


expansion of the lung with oedema fluid could account for the increase in 


spontaneous discharge by some receptors, this distension is unlikely to 
explain the very great increase in impulse frequency caused by small 


_ (0-5-5 ml.) inflations of the lung. Thus the results with oedema and atelec- 


tasis can be explained if the receptors lie in the airways. The results also 
support this view, for the rather consistent sensitizations would be in- 


explicable if the end-organs were in the alveoli or pleura. 


The action of inhaled histamine aerosol can be explained in a aaoilas 
way. In earlier work (Widdicombe, 1954c) intravenous injections of 
histamine sensitized pulmonary stretch receptors, but it was subsequently 
established that pulmonary vascular congestion can increase the discharge 

29 Physiol. 159 
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of the endings (Marshall & Widdicombe, 1958; Constantin, 1959). The 
intravenous histamine may have acted on the pulmonary vascular bed, 
thus decreasing lung compliance and causing greater distension of the 
airways. When histamine was given as an aerosol, systemic blood pressure 
and heart rate did not change, so it is unlikely that much histamine was 
absorbed into the circulation. Pulmonary stretch receptors were sensitized 
only when lung compliance decreased. The mechanism of this decreased 
compliance is not known. Bronchoconstriction exerts little tension longi- 
tudinal to the airways (Radford & Lefcoe, 1955) and does not change 
compliance in man provided pulmonary units are not closed (DuBois & 
Dautrebande, 1958). In the cats, therefore, there may have been collapse 
or oedema as well as constriction or the histamine may have acted on the 
pulmonary vascular bed. A decrease in compliance by whatever means 
would distend the airways and stimulate pulmonary stretch receptors both 
by direct pull on the bronchi and by redistribution of inspired air, exactly 
as has been suggested for pulmonary congestion, collapse and oedema. The 
lack of correlation between individual receptor responses and the changes 
in either lung resistance or compliance may be due to differences in the sites 
of receptors in the airways and to non-uniform distribution of broncho- 
constriction. 3 

The above explanation of the way histamine aerosol increased the lung 
volume-response of pulmonary stretch receptors is only valid if the 
receptors lie in the larger airways and if the main change in resistance to 


inflation after histamine takes place distal to this site, i.e.in the bronchioles _ 


and alveolar ducts. Under these circumstances a smooth muscle contrac- 
tion in a large bronchus might be outweighed by the passive extra expan- 
sion of the airway due to the mechanical changes further down the air- 
stream. When the bronchioles became constricted (and thus increased air- 
way resistance) without closure of pulmonary units, then the explanation 


requires that the larger bronchi should have unchanged expansion (except | 


during phasic changes of volume) so that bronchial stretch receptors in 
them would have unchanged activity. This explanation makes these 
assumptions: (a) that the receptors are in the larger bronchi, which is 
supported by histological investigations (e.g. Elftmann, 1943) if the 
endings are ‘smooth muscle spindles’; (b) that in the cat inhalation of 
histamine aerosol constricts bronchioles, and that any contraction of the 
smooth muscle in the bronchi has little effect on the diameter of the latter 
airways; this is compatible with the facts that the bronchi are strongly 
supported by cartilage and that it proved difficult to cause an increase in 
resistance without concomitant decrease in compliance; (c) that the 
pulmonary stretch receptors respond to circumferential stretch of the 
bronchi but are less influenced by changes in contraction of the smooth 
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muscle in which they lie. It would follow that if smooth muscle contraction 
narrows an isolated bronchus then stretch receptors in its wall should be 
inhibited. This behaviour is probably true for pulmonary stretch endings 
(Widdicomhe, 1954c), but an unequivocal experiment has not yet been done. 

The above considerations may seem speculative, but they are supported 
by some observations of Folkow & Pappenheimer (1955), who found that 
intravenous or aerosol administration of histamine or pilocarpine decreased 
the compliance of cats’ lungs with no change in anatomical dead space at 
given lung volumes. They concluded that the bronchoconstrictor drugs 
were acting on the small bronchioles with no constriction of the larger 
airways. Furthermore, Severinghaus & Stupfel (1955) found that in dogs 
Arfonad (a ganglion-blocking and histamine-releasing agent) caused a 
constriction of the terminal bronchioles with considerable (60°) increase 
in anatomical dead space and, for one dog, that intravenous histamine 
caused a marked fall in compliance, an increase in physiological dead space 
(63-89%) and a slight fall in anatomical dead space (9%). These two 
groups of results support the suggestion given above as to the cause of the 
change in pulmonary stretch receptor discharge during bronchoconstriction. 

In all these experiments haemodynamic changes in the pulmonary 
vascular bed have not been measured. Severe pulmonary congestion (left 
atrial pressures to 20-40 mm Hg) increases the discharge of pulmonary 
stretch receptors by about 20% at given volumes. It is therefore possible 
that much of the action of histamine aerosol on pulmonary stretch recep- 
tors could be due to changes in the pulmonary vascular bed, although the 
. decreases in compliance are far greater than would be expected from lung 
congestion alone (Hughes, May & Widdicombe, 1958). 

The discharge frequency of most pulmonary stretch receptors increased 
when the intrapleural pressure fell with the trachea closed, an effect 
described by Weidmann & Bucher (1951). The changes in discharge were 
consistent, and therefore were probably not due to alterations in the shape 
of the lungs, for elongation of occluded lungs by pull of the diaphragm 
should stimulate and inhibit receptors in approximately equal proportions. 
The magnitude of the responses is compatible with increases in pulmonary 
_ vascular volume, but this has not been tested. With a resistance added to 
the tracheal cannula similar effects were seen, but they were difficult to 
assess Owing to differences in the rate of pulmonary expansion and the 
_ adaptation rates of the receptors. | 

One object of this study was to test Christie’s (1953) suggestion that 
pulmonary stretch receptors might adjust the cycle-to-cycle pattern of 
breathing in response to changes in the mechanical properties of the lungs. 
This possibility has been further discussed by Davis et al. (1956) and by 
Mead (1960). Otis et al. (1950) showed that for any given compliance, 
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resistance to flow, dead space and alveolar ventilation rate there was a 
frequency of breathing and corresponding tidal volume at which minima! 
work was performed on the respiratory system. Frequencies of breathing 
higher or lower than this optimal rate required greater energy for the same 
alveolar ventilation and thus would be uneconomical. Mead (1960) has 
recently suggested that it is not the work of moving the lungs which may be 
kept at a minimal value, but rather the mean respiratory muscle force. 
It is not necessary to discuss the relative merits of these two viewpoints, 
for they agree in the pertinent conclusion that the optimal rate of 
breathing depends on two factors, the ratio of alveolar ventilation rate to 
dead space volume, and the product of compliance and resistance to flow 
(i.e. time constant) of the respiratory apparatus (Mead, 1960). If the 
mechanical properties of the lungs change so as to increase the time con- 
stant then breathing frequency should slow, if the time constant decreases 
then the breathing frequency should speed. The problem is whether or not 
the pulmonary stretch receptors can mediate such changes in frequency. 
Alterations in the mechanical behaviour of the lungs can affect the 
activity in pulmonary stretch receptors in two ways. The first is by 
changing the sensitivity of the endings to different lung volumes. Three 
conditions which stiffen the lungs and thus decrease their time constant— 
congestion, collapse and oedema—all increase discharge from pulmonary 


stretch receptors; this would tend to cut short inspiration, reduce tidal | 


volume and increase the frequency of breathing (Adrian, 1933). Thus 
either the work of breathing or the mean respiratory muscle force might be 
prevented from rising in these conditions. By contrast, inhalation of 
histamine aerosol increased the time constant of the lungs (Tables 2 and 3: 
resistance rose more than compliance fell) and an inhibition of pulmonary 
stretch receptor discharge might be considered desirable to slow breathing 


to adjust it to the appropriate optimal value. In fact receptor discharge — 


increased after histamine with constant-volume inflations. 

In assessing the action of histamine, the second way in which changes in 
pulmonary mechanics can influence stretch receptor discharge must be 
considered. An alteration in the rate of expansion of the lungs will affect 
the rate of build-up of impulses in pulmonary stretch fibres going to the 


medulla. When the time constant of the lungs increases (as with histamine - 


aerosol) the lungs will take longer to inflate in spontaneous breathing and 
the inhibitory influence of the pulmonary stretch receptors may be delayed. 
_ Furthermore, the peak discharge rate of the receptors is considerably 
decreased by slowing the rate of inflation to constant volume (Knowlton & 
Larrabee, 1946; Davis et al. 1956), so that the total number of impulses 
from pulmonary stretch receptors would be decreased as well as delayed. 
Whether in spontaneous breathing this inhibitory action would outweigh 
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the sensitization of pulmonary stretch receptors (to constant-volume 
inflations) after histamine is not known, but the time constant of the lungs 
ean increase very greatly in bronchoconstriction (Table 2). Although the 
response of the receptors to bronchoconstriction during spontaneous 
breathing could be studied, the reflex respiratory behaviour would be far 
more difficult to assess. It would depend on the response of the respiratory 
areas of the brain to the timing as well as quantity of impulses from pul- 
monary stretch endings; this had received little study and would in any 
event almost certainly be affected by anaesthesia. It should also be em- 
phasized that the Hering—Breuer reflex is only one component of a compli- 
cated assembly of pulmonary, cardiovascular and respiratory reflexes, all 
of which may adjust breathing in response to mechanical changes in the 
lungs. Furthermore, the resistance and compliance of the lungs are only 
part of the mechanical properties of the entire respiratory appaatus. 


SUMMARY 

1, The activity of pulmonary stretch receptors of cats and rabbits has 
been measured before, during and when possible after the production of 
pulmonary oedema, collapse, bronchoconstriction and breathing against a 
resistance. Lung-volume-discharge-frequency curves were plotted to 
determine the changes in sensitivity of the receptors. 

2. During atelectasis of the left lung six out of eight receptors in that 
lung had a very great increase in sensitivity, being stimulated by inflation 
- volumes (1-5 ml.) which had little or no effect before. 

3. Pulmonary oedema similarly (but irreversibly) affected three of Sits 
receptors. 

4. Bronchoconstriction caused by inhalation of histamine aerosol was 
tested on fifteen receptors. Eleven increased their response to inflations, 
and the mean change was statistically significant. This sensitization was 
only seen when enough aerosol was inhaled to decrease compliance as well 
as to increase resistance to flow. 

5. Occlusion of the trachea increased the discharge of sixteen of twenty- 
two receptors during inspiratory efforts at all lung volumes. 

6. These responses can be explained if the receptors are in the air 
passages and are sensitive to circumferential stretch. The results make 
other possible sites unlikely. 

4. The results are discussed in relation to the hypothesis that pul- 

monary stretch receptors adjust the pattern of respiration from breath to 
breath in response to changing mechanical conditions in the lungs. It is 
concluded that such a role exists. — 


Some of the apparatus used in these experiments was bought by the Central Research 
Fund, University of London. 
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CORTICAL PHOTIC POTENTIALS ORIGINATING 
IN THE LOWER BRAIN STEM 


By V. ARMENGOL, W. LIFSCHITZ M. PALESTINI 


From the Department of Experimental Psychiatry and the Department 
of Physiopathology, Medical School, University of Chile 
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In a recent communication (Palestini, Lifschitz & Armengol, 1959), 
a study of the habituation of primary and secondary cortical photic 
_ potentials in cats which had been subjected to a mid-pontine pre-trigeminal 
transection was reported. E.e.g. recordings of these evoked potentials 
after the transection showed a definite lengthening of the period of time 
in which the primary cortical photic potentials would attain habituation. 
- This lengthening was even more striking in the secondary cortical photic ~ 
potentials, since normally they reach habituation in a very short time. 
To explain these results it was suggested (Palestini & Lifschitz, 1959) 
that an inhibitory influence, arising in structures situated below the level 
of the lesion, was being exerted. The present paper presents results, 
obtained in ‘preparations with a mid-pontine pre-trigeminal section, on 
the changes of the photically evoked cortical potentials, which give 
additional support to this hypothesis. 


METHODS 

Fifty cats were used in these experiments. After anaesthesia with sodium pentobarbitone, 

extradural monopolar stainless-steel electrodes were implanted on the suprasylvian gyrus, 
on the gyrus lateralis and gyrus lateralis anterior. 

Control recordings were taken from these animals, non-anaesthetized, at least 5 days 
after implantation. The light stimulus in all experiments consisted of flashes at a rate of 
one per second from a Grass PS 1 photic stimulator. To ensure relatively constant stimula- 
tion of the retina the light source was always held at the same distance from the eyes, the 
animal was slung in a hammock and head excursions were restrained by an aluminium cone. 
All cats were dark-adapted at the beginning of each experiment and their pupils dilated 

with homatropine. Satisfactory isolation from outside sounds was achieved in all experi- 
ments. As a further means of ensuring a constant stimulus to the retina, the nictitating 
' membranes were removed and the facial nerves were divided in some animals. 

Both monopolar (with an indifferent electrode on the frontal sinus) and bipolar electrodes 
were used and the electrical changes were recorded by a Grass e.e.g. machine on paper or 
photographed from an oscilloscope trace. In the latter method successive cortical responses 
were superimposed on the same picture. 
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After securing control recordings of approximately one hour’s duration daily, on at least 
3 consecutive days, a pre-trigeminal transection, either mid- or rostropontine, was made 
under ether anaesthesia according to the procedure described by Batini, Moruzzi, Palestini, 
Rossi & Zanchetti (1959). The plane of the section is shown in Fig. 1. Recording was re- 
started 6-12 hr after the operation under the same conditions as for normal preparations 
and repeated daily for as long as they remained in good condition, usually not longer than 
4 days. After the last recording the animals were killed and examined for cerebral oedema 
and any other abnormality. 

In order to check the level and completeness of the brain-stem section the brains were 
fixed in 20% formalin, cut in the horizontal plane and stained by the Nissl and Weil 
techniques. 


Fig. 1. Diagram of a longitudinal section of the brain stem of the cat, showing 
the position of the transections in relation to the pons and trigeminal nerve roots. 
Rp, rostropontine transection; Mp, mid-pontine transection; Cer, cerebellum; 
MI, massa intermedia; SC, superior colliculus; Tri, roots of trigeminal nerve; 
VII, roots of facial nerve. 


RESULTS 
Changes in the secondary cortical photic responses after 
pre-trigeminal transection 

In normal cats a brief flash stimulus elicits the so called secondary 
photic response from the suprasylvian and anterior lateral gyri. Buser & 
Borenstein (1959) have shown that it differs distinctly from the primary 
responses recorded from the visual cortical area. In the normal awake 
cat the secondary response is of small amplitude and negative potential, 
with longer duration than that of the primary response. Its latency, 
about 20 msec, is variable and hence very difficult to measure in pictures 
of superimposed records (Fig. 2). To observe this secondary response 
more clearly it is necessary to start recording from the beginning of 
repetitive stimulation, and to superimpose several responses on the film, 
because at a stimulation rate of one flash per second the amplitude of the 
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secondary response decreases rapidly and is soon masked by spontaneous 
cortical activity. 

After a pre-trigeminal mid-pontine brain-stem section, several changes 
are apparent in this secondary photic response: 


(1) The amplitude increases, frequently reaching double that of normal 
cats, so that it stands out clearly against the typical desynchronized 
cortical activity of the mid-pontine pre-trigeminal preparation (Fig. 2). 
(2) The latency remains constant at about 20 msec. 

(3) In some cases the negative potential is preceded by a positive phase, 
so that the secondary response resembles that observed by Buser & 
Borenstein (1959) on cats anaesthetized with chloralose. In our experi- 
ments, however, the background cortical activity remained desynchronized. 


(4) The amplitude of the secondary response decreases only after con- 
tinued repetitive stimulation for several hours (Palestini et al. 1959). 


40msec [50xV 
Fig. 2. Potentiation of the secondary photic cortical potential after mid-pontine 
pre-trigeminal transection; oscilloscope recording. The dot in the diagram of the 
cortex shows the position of the monopolar recording electrode. A-—B: single 
response (A) before and (B) after the transection. C-—D: superimposed records 
showing the same changes (C) before and (D) after transection. Dots mark the 
stimulus artifact. Upward deflexion positive. 


Two of these effects, the slow decrease in amplitude and the potentiation 
of the secondary response, appear also in cats with a rostropontine lesion, 
who usually show a synchronized cortical activity (Fig. 3). 


Changes in the primary cortical photic responses lee 
pre-trigeminal transection 

The primary cortical photic potentials recorded at the gyrus lateralis 

in cats have been described by many investigators (Albe-Fessard, 1957). 

The typical response has five components. The first deflexion in our records 

had a mean latency of about 12 msec, and all five components were not 

always clearly visible. While there was some variability in the amplitude 
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of the different components this was minimized by photographic super- 
imposed traces, and such records when measured for amplitude, as was 
done by Schoolman & Evart (1959), formed a more reliable basis for 
comparison. 

Normal 


After rostropontine pre-trigeminal transection. 


]100 xv 


Fig. 3. E.e.g. background activity and potentiation of 
the secondary photic cortical potential after rostropontine pre-trigeminal tran- 

section. Dots on diagram at left indicate the position of the bipolar electrodes. Dots 
below records indicate the light stimulus. 


mid-pontine lesion produced changes in the primary 

cortical photic potentials (Figs. 4 and 5). A consistent increase in the 
amplitude of positive waves 3 and 4 and negative wave’ 5 was observed. 
Positive wave | remained almost unchanged. 

After a rostropontine lesion this primary response showed a marked 
potentiation, though interference from large synchronous waves made 
its appearance sometimes irregular (Fig. 6). In a few instances after pre- 
trigeminal section the primary response showed a marked potentiation, 
even when the secondary response remained unchanged. 

In order to check the possibility of interference from factors such as 
closure of the eyelids and/or the nictitating membrane, and pupillary 
changes, all the experiments of the foregoing type were performed in a 


few cats whose nictitating membranes had been removed, whose pupils 


had been dilated with homatropine and whose eyelids had been paralysed 


by nerve section. The results from these cats were the same as those 


described above. 


DISCUSSION 
The fact that the results described above are obtained consistently from 
a few hours after transection up to the end of the survival period (about 
4 daysin our experiments) makes it rather improbable that the potentiation 
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\, Fig. 4. Oscilloscope records from primary visual area to show potentiation of the 
| primary photic cortical potential after mid-pontine pre-trigeminal transection. 
Deflexions numbered according to the nomenclature of Schoolman & Evart 
(1959).. A: superimposed tracings of evoked potentials before the transection. 
B: superimposed tracings of evoked potentials after transection. Monopolar 
recording. Upward deflexion positive. Dots mark the position of the stimulus 
artifact. 
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of the cortical photic potentials, both primary and secondary, is attributable 
to an irritative stimulation from structures above the level of lesion. In 
the experimental situation described here such a stimulation would prob- 
ably affect all the rostral nervous structures, especially the cortex, and 
would gradually decrease and finally vanish. Furthermore, such an 
irritative action might be expected to affect all the components of the 


primary cortical photic response equally, but in these experiments the ~ 


Normal 


After mid-pontine pre-trigeminal transection 


1 sec 
Fig. 5. E.e.g. showing desynchronized background activity and potentiation of 
the primary photic cortical potential after mid-pontine pre-trigeminal transection. 
Bipolar recording. Dots below records indicate the light stimulus. 


Normal 


[1004V 
1 sec 


Fig. 6. E.e.g. showing synchronized background activity and potentiation of the 
primary photic cortical potentials after rostropontine pre-trigeminal transection. 
Bipolar recording. Dots below records indicate the light stimulus. 


first component remained practically unchanged after the transection. If 
the irritative effect appeared only at the cortical level, both primary and 
secondary responses would be equally affected. However, it has been 


pointed out that in several cases there was a potentiation of primary . 


responses while secondary responses remained unchanged. Furthermore, 
Palestini, Armengol, Mendoza & Lifschitz (unpublished results) have 
recently seen cats with a semi-pre-trigeminal transection that present 
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potentiation of the primary cortical photic response ipsilaterally only to 
the semisection of the brain stem, an observation obviously inconsistent 
with the irritative hypothesis. 


Mid-pontine transection and secondary cortical photic potentials 

Since Derbyshire, Rempel, Forbes & Lambert (1936) and Forbes & 
Morison (1939) first described a cortical response of long latency, elicited 
by an electrical stimulus applied to the sciatic nerve of a deeply anaes- 
thetized cat, and Dempsey, Morison & Morison (1941), Dempsey & 
Morison (1942a, 6) and Morison & Dempsey (1942) showed it to be con- 
veyed in a secondary pathway, many papers have been published on 
investigations into this non-primary sensory response, and they have been 
reviewed recently by Buser (1957). 

Such features as the distribution on the cortex, latencies and wave 
shapes suggest a relation between the secondary cortical photic potentials 
described in this paper and those recently studied by Buser & Borenstein 
(1959). Yet certain differences are apparent. According to Buser & Borenstein 
secondary responses in association areas from a curarized, non-anaesthetized 
cat depend on the background activity, the maximum irradiation of these 
potentials being obtained when there is a medium level of vigilance. Our | 
observations on non-curarized, non-anaesthetized cats confirm their results 
but with the difference that the secondary responses are potentiated, 
following either a mid-pontine pre-trigeminal lesion, with its desynchroni- 
zed e.e.g. pattern, or a rostropontine pre-trigeminal lesion, when the e.e.g. 
pattern is synchronized. These results suggest that although there is 
normally a correlation between the amplitude of secondary photic potentials 
and e.e.g. pattern, it is not a causal one, i.e. the potentiation described 
here is not due to the presence of low voltage fast activity. 

The fact that potentiation appears only after transection of the brain 
stem leads to the assumption that the transection eliminates ascending 
tonic inhibiting influences from below the level of the lesion and possibly 
also. leads to an increased action of facilitatory connexions from above 
the lesion level. This assumption is supported by the observations of 
Bremer & Stoupel (1959) which show that stimulation of the mesence- 
phalic reticular formation facilitates the secondary response, although this 
effect was obtained only by concurrent electrical stimulation of the optic 


pathway. 


In brief, we assume that inhibitory influences originate caudally to th 
lesion and act directly or indirectly upon the secondary cortical photic 
potentials recorded from the suprasylvian gyrus and from the anterior 


lateral gyrus. 
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Mid-pontine pre-trigeminal preparation and primary cortical 
photic potentials 

The origin of the different components of the primary response evoked 
in the visual area has been studied by many investigators, but is still a 
controversial subject. It is, however, generally accepted that the first 
wave reflects the activity of the optic radiation and waves 3, 4 and 5 have 
an intracortical origin (Albe-Fessard, 1957). As to the second component, 
Bishop & Clare (1952, 1953) think it shows post-synaptic activity of 
Golgi II neurones. Bremer & Stoupel (1956) suggest it comes from 
presynaptic intracortical activity, and Malis & Kruger (1956) think it 
could originate in a second group of afferent fibres in the optic radiation. 
This paper, though not dealing specifically with this problem, seems to 
support the idea that waves 1 and 2 have a different origin from the 
others, as both remain unchanged after brain-stem transection. 

We are inclined to attribute the potentiation of primary cortical photic 
potentials to a suppression of inhibitory influences coming from structures 
below the lesion level and to the enhanced facilitating action of the 
mesencephalic reticular formation. In support of this view some papers 
that describe the influence of the reticular formation upon evoked cortical 
potentials can be mentioned. While some authors have described a decrease 
in the amplitude of evoked cortical potentials during electrical stimulation 
of the mesencephalic reticular formation (Herndndez-Peén, Scherrer & 
Velasco, 1956), the more recent work of Bremer & Stoupel (1959), Dumont 
& Dell (1960) and Steriade & Demetrescu (1960) has demonstrated an 


enhancement of this response under similar conditions when they are 


evoked by electrical shocks applied to the sensory pathways. The facilita- 
tion described by both Dumont & Dell (1960) and Bremer & Stoupel 
(1959) in their papers affects the same components of the primary cortical 
responses as are found potentiated after a pre-trigeminal lesion. 

These results support the idea, already enunciated (Palestini et al. 1959), 
that there is no correlation between the facilitatory action of the cortical 
photic evoked potentials and the synchronizing-desynchronizing mecha- 
nisms, since the facilitating effect is observed both in the mid-pontine 
pre-trigeminal preparation (desynchronized e.e.g.) and the rostropontine 


pre-trigeminal preparation (synchronized e.e.g.). Dumont & Dell (1960) 


have also described a similar dissociation. 

Published results and some inferences from the work described here 
suggest the probable pathways and the site of action of the inhibitory 
influence normally acting upon the secondary and primary cortical photic 
evoked potentials. Three probabilities are worth further consideration: — 
(a) The inhibitory influence arising below the lesion level might act 
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through a depression of activity of the facilitatory mesencephalic 
reticular formation. 
(b) The inhibitory influence might act directly on the cortical neurones 
themselves. The present experiments seem to point towards this mechanism, 
since the post-transection potentiation affects predominantly waves 3, 
4 and 5 of the primary cortical photic response, which are generally con- 
sidered to be of intracortical origin (Albe-Fessard, 1957). 
(c) Another probability is an effect on the diffusely projecting thalamic 
nuclei, either directly or indirectly through the mesencephalic reticular 
formation. This probability is given considerable weight by virtue of the 
fact that long ascending axons originating both in the medulla and 
mesencephalic reticular formation (Brodal & Rossi, 1955) have been 
described and the facilitatory effect that these nuclei exert on the visual 
cortex is well known (Jasper & Ajmone-Marsan, 1952). 


SUMMARY 


1. Changes of the primary and secondary cortical photic potentials 
were studied in non-anaesthetized cats after mid-pontine and rostro- 
pontine total transections. | 

2. Both kinds of evoked potentials showed a clear potentiation after 
the mid-pontine pre-trigeminal transection. Positive deflexions 3 and 4 
and negative deflexion 5 of the yeseary cortical photic “iesgare were 
especially enhanced. 

3. The rostropontine transection showed the same potentiation. 

4. It.is postulated that this potentiation would be due to the elimi- 
nation of tonic inhibitory influences arising caudally to the lesion and 
probably also to the releasing of facilitatory activity in structures above it. 

5. The lack of correlation between the mechanisms responsible for the 


_ €e.g. pattern and the amplitude of the cortical photic evoked potentials 


is discussed, 
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, * When Renshaw cells are synaptically activated by antidromic volleys 
entering the spinal cord through ventral roots, the initial frequency of 
discharge is often over 1500/sec; and, after a few impulses at. above 
: 1000/sec, the frequency progressively declines until the terminal responses 
t are 20 or more milliseconds apart (Renshaw, 1946; Eccles, Fatt & 
_ Koketsu, 1954; Eccles, Eccles & Fatt, 1956; Frank & Fuortes, 1956; 
: Curtis & Eccles, 1958a, b). The initial high frequency certainly indicates 
that a very intense synaptic stimulation is evoking discharges immediately 
the cell has recovered from the absolute refractoriness following the previous 
. | discharge. It has been generally assumed that the later progressive decline 
in frequency of discharge results from a smooth continuous decline in the 
“ intensity of synaptic stimulation; nevertheless, there are experimental 
observations that suggest a discontinuity between an intense initial phase 
; of synaptic stimulation and a subsequent low and prolonged activity. 
; For example, the blocking drug, dihydro-f-erythroidine hydrobromide is 
very effective in suppressing all but the first two or three discharges, which 
n - persist with almost unchanged latency and frequency even after very 
large doses (Eccles, Fatt & Koketsu, 1954; Eccles et al. 1956; Curtis & 
Eccles, 19585; Brooks & Wilson, 1959). A further indication of an intense 
| initial synaptic excitatory action is provided by the lengthened interval 
{ that often disturbs the rhythm between the second and third discharges 
(Eccles, Fatt & Koketsu, 1954, Fig. 6G, H; Frank & Fuortes, 1956, 
Fig. 12B). 

In the present investigation synaptic stimulation of Renshaw cells has 
been examined both by studying the effect of variation in intensity of the 
stimulus on the time course of the repetitive response, and by employing 
intracellular recording to give the time course of the synaptically induced 
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depolarization. A further variant of the intensity of synaptic stimulation 
has been obtained by making use of the depression that follows a con- 
ditioning volley in the same presynaptic pathway to the Renshaw cell. 
A systematic examination has also been made of the synaptic activation 
of Renshaw cells by antidromic volleys from a large variety of muscle 
nerves. | 


METHODS 


The general experimental procedures with micro-electrode recording from the lumbo- 
sacral cord of anaesthetized spinal cats were similar to those already described in publica- 
tions from this laboratory (Eccles, Fatt, Landgren & Winsbury, 1954; Coombs, Eccles & 
Fatt, 1955). Renshaw cells were recorded from extracellularly, and also, with varying 
degrees of success, intracellularly. They were synaptically excited by antidromic volleys 
in motor axons, which were set up by stimulation either of ventral roots or of various muscle 
nerves. In the latter case the appropriate dorsal roots had been severed so as to eliminate 
synaptic activation either through interneuronal pathways or via axon collaterals of reflexly 
discharging motoneurones, Many muscle nerves were mounted on stimulating electrodes, 


and could be rapidly tested in turn by a rotary switch device (see Eccles, Eccles & Lundberg, _ 


1957). The nomenclature of the various muscle nerves is given in the description of Table 1. 


RESULTS 
Time course of synaptic activation of Renshaw cells 
Variations in the intensity of the synaptic stimulus. When the antidromic 
volley in the alpha fibres of the ventral root was progressively decreased 
in size, the intensity of excitation of Renshaw cells decreased stepwise, 
as revealed both by the frequency and by the duration of their discharge 
(Renshaw, 1946; Eccles, Fatt & Koketsu, 1954; Frank & Fuortes, 1956). 


Renshaw cells also displayed several intensities of response when excited 


by maximal antidromic volleys in the alpha fibres of different muscle 
nerves (Renshaw, 1946; Eccles, Fatt & Koketsu, 1954). By graded sub- 
maximal stimulation of the muscle nerve evoking the most intense 
response of a Renshaw cell that cell could be made to respond in a manner 
closely resembling the responses evoked by maximal volleys in the less 
effective nerves. For example, Fig. 1A and G are virtually identical; as 
also Fig. 1B and H; and Fig. 1C and J, K, L. Thus it may be concluded 
that the responses evoked by antidromic volleys from different muscle 
_herves vary solely on account of the effectiveness of the respective synaptic 
excitatory actions, i.e. the variations have a purely quantitative basis. 
In parenthesis it may be noted that a similar conclusion has been reached 
for the monosynaptic activation of motoneurones for different afferent 
pathways, both homonymous and heteronymous (Eccles et al. 1957). It 
is therefore justifiable to employ both submaximal and maximal volleys 
from different muscle nerves (cf. Fig. 2A~E) when investigating the effects 
of variation in the amount of synaptic excitatory action on Renshaw cells. 
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When there was a smooth decline in the frequency of the repetitive 
response evoked by a maximal antidromic volley, as in Fig. 2E, pro- 
gressive weakening of the synaptic excitation (E-A) caused, first, a 
shortening of the response and a more rapid decline of the frequency; but 
the first two or three discharges were much less affected until the stimulus 
was so weak that all later discharges had been eliminated (Fig. 2A, B). 
When the reciprocal of the response interval, i.e. the frequency, was 


Mey AL 


10 msec | 10 msec 


Fig. 1. Intracellular responses of a Renshaw cell evoked by submaximal alpha 
volleys from the medial gastrocnemius nerve, of increasing size from A—D and by 
maximal volleys in E, F. G—L are responses of same cell evoked by maximal alpha 
volleys from a series of other muscle nerves: plantaris, soleus, anterior biceps, 
inferior gluteal, lateral gastrocnemius and posterior biceps respectively. The series’ 
of A-E was taken a little later than F—L, the resting potential and spike potential 
having meanwhile declined. Same voltage and time scales throughout. 


_ plotted for the successive discharges (Fig. 2G), it might be inferred for 


the range of responses of Fig. 2A-F that the synaptic stimulation dimi- 


- nished first in duration and only later in intensity. However, this inference 


is inadmissible because the initial very high frequencies of discharge 
(Fig. 2C-F) would be largely determined by the duration of Renshaw- 


_ cell refractoriness. 


When a Renshaw cell was activated by various sizes of antidromic 
volley in the ventral root (Fig. 2H-L), the respective repetitive responses 
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may be plotted (Fig. 2M), as in Fig. 2G, to show the time course of the 
decline of frequency. Comparison of Fig. 2G and M shows that the two 
modes of grading synaptic excitation of Renshaw cells yielded closely 
parallel results, as has already been illustrated by the respective series of 
records, A-E and G-L in Fig. 1. 

When attempting to derive the time course of the synaptic excitatory 
action from curves such as those of Fig. 2G and M, it may first be assumed 


| 200 


ABE 
F msec 50 . 


10 30 msec 40 
Fig. 2. A—F are responses of a Renshaw cell recorded extracellularly and evoked 
respectively by antidromic volleys from the three muscle nerves that were effective: 
maximal semitendinosus, submaximal anterior biceps, submaximal posterior 
biceps, maximal posterior biceps, and maximal anterior biceps at fast (E) and — 
slower speed (F). The intervals between the successive responses are plotted as 
frequencies (ordinates) in G, much as has been done for interneuronal responses by 
' Hunt & Kuno (1959), the abscissae being the time of each discharge after the 
initial discharge. Thus the curves of G (see symbol lettering) plot the time courses 
of the frequencies of discharge for each of the responses in A—-F. The terminal 
portions of two curves are shown as interrupted lines because of the scatter of 
the points. H-L are another series for the repetitive responses of another Renshaw 
cell (with poor intracellular recording) evoked by an antidromic volley in L7 
ventral root, which was maximal in L and with four grades of submaximal stimula- 
tion in H-K, The intervals between the successive spike discharges are plotted in 
M in the same way as in G, as again indicated by the symbol lettering. 
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that the various motor-axon collaterals converging on a Renshaw cell 
have similar time courses for their synaptic excitatory action. At least 
there has been no significant difference between the motor-axon collaterals 
for the motoneurones supplying different muscles, and no difference would 
be expected between axon collaterals from the lower-threshold and the 
higher-threshold alpha motor fibres. When there was a sufficiency of 
convergent impulses on a Renshaw cell, the initial intensity of activation 
was so high that the frequency (over 1500/sec) would be close to the 
limit set by the refractoriness of the cell; and even with considerably 
lower frequencies (around 1000/sec) refractoriness must be a significant 
- factor in setting the frequency. The curves for the more powerful synaptic 
stimulations thus give a misleading impression of the time course for the 
intensity of the synaptic stimulus, because the refractoriness of the dis- 
charging cell prevents the initia] intense phase from evoking a commen- 
surately high frequency of discharge. The curves for the less powerful 
synaptic stimulations also give an erroneous time course, because a synaptic 
stimulus below threshold is given a zero value, as occurs after the first two 
or three responses with the weakest stimuli in Fig. 2G, M. However, some 
indication of the time course of the synaptic stimulus may be derived by 
noting the times at which the same response frequencies were produced 
by stimuli of different strengths. For example, the peak frequency in 
Fig. 2A was comparable with the frequency at a point 10 msec later in 
Fig. 2 E, so it is probable that the respective intensities of synaptic stimula- 
tion were then similar. A complicating factor would be introduced by the 
possible action of accommodation in slowing the frequency in the latter 
part of Fig. 2E. Likewise, in the series of Fig. 2 H-M, the peak frequency 
of the weakest response (Fig. 2H) was comparable with the frequency of 
the strongest response (L) at a point 10 msec later. An intermediate 
stimulus strength (J) showed a decline from an initial frequency of 1290/sec 
to 135/sec at 10 msec later; yet, with the response evoked by the maximum 
stimulus (L), the initial frequency of 1560/sec had declined only to 860/sec 
at 10 msec later. Evidently the synaptic stimulus was much greater in 
this latter case, but it could cause only a limited increase in the initial 
frequency. In general, therefore, the curves of Fig. 2G, M may be inter- 
preted as indicating that the synaptic excitatory action produced by a 
single impulse had a.very intense phase lasting 2 or 3 msec followed by a 
slowly declining tail of much lower intensity. | 

As already mentioned, an abnormally long interval may occur between 
the second and third responses to a very powerful synaptic stimulation. 
For example, in Fig. 3 this was regularly present in responses evoked by 
a maximum antidromic volley in the medial gastrocnemius nerve (D), but 
did not occur with the responses to the weaker stimulations provided by 
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other muscle nerves (A-C). The break in rhythm is further illustrated by 
the filled circles in the plotted curves (E). A regular observation has been 
that the lengthened interval is a little too brief (by about 0-2 msec in 
Fig. 3E) to be explicable merely as due to the dropping out of one response. 


? 
12003 D*MG 


10 20 40 msec 50 60 
Fig. 3. A-D, repetitive Renshaw cell responses evoked by maximal antidromic 
volleys in the various muscle nerves as indicated. Same cell asin Fig. 1, with a faster 
sweep speed, in order to show the break in rhythm between the second and third 
responses in the largest response (D). In E the measurements from the series 
partly shown in A-D are plotted as in Fig. 2G, M. The plotted points for the medial 
and lateral gastrocnemius volleys are the means of two closely similar records. 
The curve joining the first three points for medial gastrocnemius (@) is drawn 
as a dotted line. 


Similar findings occur with antidromic volleys set up by graded stimulation 
of the ventral root (Fig. 4A—D). The break in the rhythm was not present 
with the two weakest stimuli (A, B), but was very evident with the 
strongest stimulus (C), particularly when observed at high speed (D). 
Again, the lengthened interval was about 0-2 msec too brief to be attribut- 


able to the dropping of one discharge. Presumably, when extremely large . 


the synaptic depolarization caused some disorganization of the spike- 
generating mechanism, just as occurs with cathodal depression of nerve 
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fibres or motoneurones (Coombs ée al. 1955). Sometimes a small abortive 
spike was detectable at the time of the missing discharge (cf. Eccles, Fatt 
& Koketsu, 1954, Fig. 6G, H). 

Another common type of disorganization of the spike mechanism is 
illustrated in Fig.4E-H. Here the spike had a double composition re- 
sembling the compound IS-SD spike of motoneurones, and in the initial 
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Fig. 4. A-—D, series of Renshaw cell responses recorded intracellularly as in 
Fig. 3A—D, but for a different cell and evoked by antidromic volleys set up by 
stimulation of L7 ventral root, submaximal in A, B and maximal in C. D is same 
response as C, but at a faster sweep speed as shown above it. Same potential 

scale throughout. (D, H are at lower amplification.) E-H, responses evoked in 
another Renshaw cell as in A-D, G and H' being evoked by maximal antidromic 
volleys in L7 ventral root. H at the sweep speed indicated below it. 


high-frequency phase most of the spike potentials were largely composed 
_ of the initial small spike. In the fast record (H) it is seen that this initial 
small spike was fairly uniform throughout the response, while there was 
great variability in the later spike. Presumably this fragmentation of the 
spike is attributable to the high frequency of spike generation, rather than 
to the intensity of the background synaptic depolarization. It did. not 
occur with the lowest frequency of discharge evoked by the weakest 
stimulation (Fig. 4E). On analogy with motoneurones it is probable that 
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the initial small spike was associated with the discharge of an impulse 
along the axon (Fuortes, Frank & Becker, 1957; Coombs, Curtis & Eccles, 
19574, b). 

Excitatory post-synaptic potentials of Renshaw cells. On rare occasions 
the intracellularly recorded Renshaw cell responded by a depolarization 


10 mV 


10 msec 


Fig. 5. Excitatory post-synaptic potentials (EPSPs) recorded intracellularly from 
a Renshaw cell with a recorded membrane potential initially of —60mV. A-—D 
show graded sizes of EPSPs evoked by submaximal (A-C) and maximal (D) 
antidromic volleys in L7 ventral root. E shows maximal response recorded at 
slower sweep speed and with a long time constant (1 sec) of the amplifier. F-J are 
fast records of EPSP evoked by progressively increasing antidromic volleys, as 
shown by the initial diphasic wave with first deflexion upwards. The arrows indicate 
times of onset of the EPSPs. Series E—J at higher amplification than A-D, as indi- 
cated. Upward deflexions signal positivity relative to the indifferent earth lead 
i.e. membrane depolarization. 


(the excitatory post-synaptic potential, EPSP) uncomplicated by spike 
potentials. A response of this type has already been illustrated (Eccles, 
Fatt & Koketsu, 1954, Fig. 61), but it was at that time suggested that the 
initial brief peak of depolarization was a spike potential. A much larger 
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potential of the same type is illustrated in Fig. 5. The responses of this 
Renshaw cell were so unusual that its identification could be regarded as 
established only after the full investigation described below. 

The membrane potential was about —60 mV for the first records of 
Fig. 5; it gradually declined thereafter. A maximum alpha volley in the 
L7 ventral root evoked the large (36 mV) brief depolarization (D) that 
after about 2 msec merged into a much slower decaying depolarization. 
The full duration of this depolarization is shown in E to be about 60 msec. 
Progressive diminution of the alpha volley from maximum size (D) was 
associated with a diminution of both the fast and slow components of 
the depolarization (C). With the responses to smaller volleys the fast 
component was relatively lower, being but little above the slow com- 
ponent in B, and at about the same level in A. This is also well shown in 
the very fast records of Fig. 5, FJ. The fast component was barely identi- 
fiable in the weakest response (F), but showed progressive increment in 
G, H and I, there being no further increase when the alpha volley finally 
reached maximum (J). 7 

The onset of the fast response was obscured in F-J, as it was super- 
imposed on the downward (negative) deflexion of the extracellularly 
recorded soma spike potential of the alpha motoneurones. However, it 
can be detected as a sharp bend in the curve at the points marked by the 
airows, which give it a latent period of about 0-4 msec from the phase of 
maximum positivity in the field potential produced by the approaching 
antidromic impulse. If a small allowance be made for the time of propa- 
gation of the antidromic impulse up the motor-axon collaterals, the actual 
synaptic delay for the onset of the depolarization of the Renshaw cell 
would correspond well with the value of about 0-3 msec calculated for 
other synaptic delays in the central nervous system (Eccles, 1957). 

The smooth contour and relatively long duration (2 msec) of the brief 
depolarization establishes that it was not due to the superposition of a 
brief spike-like process on a more prolonged EPSP. This conclusion receives 
further support from the various gradations in its size (Fig. 5A—D, F-1). 
It may, therefore, be concluded that the potentials illustrated in Fig. 5 
are EPSPs set up in a Renshaw cell by the summed action of several 
excitatory impulses converging on this cell. At least several of these 
impulses generated EPSPs having fast and slow components. 

In Fig. 6A-H, from the same cell, a second maximum alpha volley was 
set up in the L7 ventral root at various intervals after the first. Even at 
relatively long intervals there was a considerable diminution both of the 
fast and slow components of the second EPSP. As shown by the plotted 
points (Fig. 6J) derived from the series partly illustrated in A-H, full 
recovery took about 150 msec, and at the shortest intervals (0-7-5 msec) 
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the depression was to about 40% of the control. As measured by the 
addition to the slow EPSP produced by the testing volley, the slow 
component of the EPSP was even more depressed at the shortest intervals. 
The time course of recovery was —"r the same for both the fast 
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Fig. 6. A-I, same Renshaw cell as in Fi ‘ey but responses evoked by two maximal 
antidromic volleys at various intervals as indicated by the stimulus artifacts. 
Note changes in sweep speed as indicated by the time bases for each record. Same 
potential scale throughout. J. Sizes of initial brief EPSP evoked by the second 
volley (calculated as percentages of the mean control size) are plotted against 
stimulus intervals for the series partly shown in A-I. Note the great compression 
of the time scale beyond the interrupted line at 150 msec. 


and slow compenents. Renshaw (1946, Fig. 5) illustrated the depression 
of discharge that occurred with conditioning by a preceding antidromic 
volley in the same nerve fibres. There was considerable depression with a 
volley interval in excess of 50 msec, and more recently (Eccles, Fatt & 
Koketsu, 1954) it has been reported that the depression persisted for as 
long as 100 msec. Presumably this depression of Renshaw cell discharges 
is sufficiently explained by the depression of the second EPSPs illustrated 
in Fig. 6. 
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Patterns of activation of Renshaw cells 


The input pattern from individual muscle nerves on to Renshaw cells 
has now been examined in conditions where nearly all the muscle nerves 
arising from the lower lumbar and upper sacral cord could be stimulated. 

_ The only nerves to hind-limb muscles which were not stimulated were 
the obturator nerve and sartorius nerve. The convergence on to Renshaw 
cells could thus be examined in almost full detail. Nine of the cells were 
dominated by one muscle nerve, which was at least twice as effective as 

4+ any other muscle nerve in causing a discharge of impulses from the cell 

(Figs. 1F-L, 3A—D, 7A-D). All the remaining cells were excited really 

effectively by only 2 or 3 muscle nerves. 


TABLE 1 


The convergence of antidromic volleys in muscle nerves on to 18 Renshaw cells. 
Each muscle nerve was tested separately and in the columns are the numbers of 
impulses discharged from the respective Renshaw cell in response to a maximal 
antidromic volley in the alpha motor fibres. Numbers in bold type show the contri- 
bution from the dominant muscle nerves. The symbols labelling the columns 
correspond.to the following muscle nerves, and the same convention is employed 
in the text: Q, quadriceps; SM, seémimembranosus; SG, superior gluteal; FDL, 
flexor digitorum longus+flexor hallucis longus; Per., peroneal; Pl., plantaris; 
Pop., popliteus; LG, lateral gastrocnemius ; AB, anterior biceps ; ST, semitendinosus ; 
IG, inferior gluteal; PB, posterior biceps; MG, medial gastrocnemius; Sol., 
soleus; T, posterior tibial nerve (flexor digitorum brevis plus medial and lateral 
plantar). Cells 10, 11 and 18 are illustrated in Figures 7, 2 and 1, respectively 


Renshaw and upper L7 Mid:L7 Lower Li and 
cell 
number Q SM SG FDL Per. Pl. 1. Pop. LG AB ST IG PB MG Sol. 
6 5 13 3 
2 2 ‘ ; 
4 7 2 ; 7 
5 8 A ‘ 
6 a 3 3 ; 3 8 3 3 
7 17 4 8 5 ‘ ‘ ; 
8 16 8 ; é 3 
9 : 14 9 9 ; 1 
10 6 ‘ 8 6 
11 2 
12 . 20 9 
14 ; 5 22 
15 3 6 ‘ 5 7 12 9 , 
17 5 2 5 4 8 ; 


Table 1 has been prepared so that the muscle nerves are arranged in 
the approximate sequence of their motoneuronal nuclei along the long axis 
of the ventral horn. When they are arranged in this way, an important 
feature of the input pattern to these 18 Renshaw cells becomes con- 
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spicuous; namely, that Renshaw cells tend to be excited by collaterals 
from the axons of adjacent motoneuronal nuclei, as for example in Fig. 7. 
When 2 or 3 muscle nerves were dominant, they were invariably from 
adjacent nuclei in the cord. An apparent exception to this rule (cell 4), 


with equally effective inputs from superior and inferior gluteal nerves, 
can be accounted for by the imperfection of the tabular presentation. 
These two nuclei overlap in the ventral horn, and furthermore they are 
in the same cell column (Romanes, 1951). The influence of location was 
also apparent with the less effective muscle nerves. Thus cell 18 (Fig. 1) 
was excited most effectively by MG, but was also excited by PB, IG, AB, 
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B 


30 


Fig. 7. A-D, Renshaw cell responses recorded intracellularly as in Fig. 3 and 
evoked by maximal antidromic volleys in the muscle nerves. A, plantaris; B, 
soleus; C, medial gastrocnemius; D, lateral gastrocnemius. All other antidromic 
volleys were ineffective. E, Responses illustrated in A-D are plotted as in Fig. 2G, 
H, the lettering of the svmhol giving the reference to the records A-D. Note that the 
curves for A and B are virtually identical, 
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Sol., Pop., LG and Pl. These nuclei are adjacent to MG, whereas Q, SM, 
SG and Per. were without effect and are more cephalad in the spinal cord. 
Motoneuronal nuclei in the same cell column in the ventral horn but 
separated longitudinally are less effective in exciting a Renshaw cell than 
are nuclei at the same level of the cord, but in different cell columns. Thus 
cells 7 and 8, which were fired optimally by SM, were not excited by AB, 
PB or ST, even though the latter are in the same cell column; whereas 
SG, Per. and Pop. were emeotere, yet lie in different cell columns in the 
ventral horn. 


DISCUSSION 
Synaptic excitation of Renshaw cells 
The intracellular records of the EPSPs in Fig. 5 show a time course that 
corresponds closely with the time course that was postulated for the 
synaptic excitatory action generating the repetitive discharges of Figs. 1- 
4, 7. There is even direct evidence that submerged beneath the spike 
potentials of Figs. 1, 2H-L, 2A—-D, 4A-D, there was an EPSP having a 
brief intense phase and a prolonged tail. For example, in the weakest 
response of Fig. 4A the four spikes were superposed on a depolarization 


_ that had a total duration of about 6 msec. With the next stronger response 


(B) the depolarization was about 10 msec in duration, but the second and 
third spikes were reduced in size, possibly owing to cathodal depression 
exerted by the large depolarization on which they were superposed. 


_ Finally, with the largest response (C) the spikes were superposed on a long 


tail of depolarization over 30 msec in duration, and between the second 
and third spikes appeared the break in rhythm that probably is further 
evidence of the initial intense phase of depolarization. The depolarizations 
of Fig. 4 were much less than those of Fig. 5, but the recording conditions 
were much inferior in Fig. 4, where the membrane potential and the spike 
potentials were only about —10 mV and 4 mV respectively. 

The series of Fig. 2H-L similarly shows the spikes superposed on a 
prolonged depolarization up to 30 msec in duration, which is better seen 
when there were few spikes in H—J, than in L, for the depolarization was 
there largely submerged by the after-hyperpolarization that followed each 
spike. This after-hyperpolarization was very prominent in Figs. 1 and 
4K-H. Evidently the generation of impulses had occurred at a locus 
remote from the site of recording. | 

It is surprising that the very large EPSPs of Figs. 5 and 6 failed to 
generate spikes. Comparable observations have recently been made with 
the cells of origin of the dorsal and ventral spino-cerebellar tracts (Eccles, 
Oscarsson & Willis, 1961; Eccles, Hubbard & Oscarsson, 1961), and with 
some cells of the dorsal horn (Eccles & Krnjevié, 1959). It was suggested 


‘ 
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that the spike-generating mechanism was suppressed by the depolarization 
resulting from injury by the micro-electrode. With motoneurones also 
the depolarization resulting from severe injury eliminates the production 
of spikes by the EPSP, there being a transitional phase of local responses. 
In all these examples the elimination of the spikes does not greatly affect 
the EPSPs. With motoneurones the time course is shortened as a con- 
sequence of the diminution of the membrane time constant (Kccles, 1961), 
the time course of the EPSP approaching nearer to that of the currents 
generating the EPSP. It may be concluded that the EPSPs of Figs. 5 
and 6 give reliable information on the time course of the synaptic 


excitatory action that evoked the high-frequency discharges in other 


Renshaw cells. The high intensity of the brief initial synaptic excitation 
furthermore provides a sufficient explanation of the failure of large doses 
of dihydro-8-erythroidine to suppress the first one or two discharges 
(Eccles, Fatt & Koketsu, 1954; Eccles et al. 1956; Curtis & Eccles, 1958); 
Brooks & Wilson, 1959). 

Nevertheless, an important question still remains to be answered. It can 
be assumed that the EPSPs of Fig. 5 were generated by a virtually 
synchronous bombardment of the Renshaw cell by one impulse in each 
of several motor-axon collaterals. There is no evidence of any delayed 
bombardment via interneurones, which would be revealed by irregu- 
larities on the declining phase of the EPSP. Thus an explanation is 
required for the fast and slow components of the EPSPs produced by 
single impulses. 

One suggestion would be that the initial rapid decline in the EPSPs of 
Fig. 5 is due to rapid destruction of acetylcholine by cholinesterase that 
is localized close to the site of its liberation. The subsequent low intensity 
of EPSP could then be attributed to the action of acetylcholine that had 
_ diffused beyond the zone of high cholinesterase activity. Unfortunately 
there are no observations of the effects produced by anticholinesterases 
on EPSPs such as those of Fig.5. However, the action of anticholinesterases 
on the repetitive discharges of Renshaw cells indicates that the initial 
intense phase of action is not changed (Eccles, Fatt & Koketsu, 1954; 
Kecles et al. 1956), the only significant action being the intensification and 
great prolongation of the later low frequency component of the response. 

Possibly, therefore, diffusion accounts for the initial rapid decline in 
intensity of action of the synaptic transmitter. However, on account of 
the electric time constant of the cell membrane, the rate of decline of the 
EPSPs of Fig. 5G—J will be much slower than that of the transmitter 
(cf. Curtis & Eccles, 1959). It may be assumed that diffusion out of the 
Synaptic cleft would cause the transmitter concentration in the synaptic 

cleft to decline much faster than the EPSPs of Fig. 5G-J (cf. Eccles & 
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Jaeger, 1958, Fig. 3B). The prolonged residuum of action could then be 
due to the more diffuse action of acetylcholine on the membrane receptors 
adjacent to synapses. It has recently been shown (Miledi, 1960) that such 
receptors normally exist in an extensive zone around the region of the 
neuromuscular junction. 

In the slower records of Fig. 6 there is clear evidence of brief depolarizing 
potentials occurring in random fashion. Since they have a time course 
rather like EPSPs, they may be assumed to be examples of the synaptic 
noise that has been reported on motoneurones and attributed to back- 
ground internuncial bombardment (Brock, Coombs, & Eccles, 1952), In 
the anaesthetized preparation in which the activity of Fig. 6 was recorded, 
repetitive discharges of impulses from motoneurones and so up to motor- 
axon collaterals are unlikely to be the cause of all the activity seen in 
Fig. 6E-H. At least seven of these potentials occurred in Fig. 61 before 
the antidromic stimulus, hence the random potentials of Figs. 6 E-H were 
not generated by the antidromic stimulation. However, there are synaptic 
connexions from interneurones to Renshaw cells (Curtis, Phillis & Watkins, 
1961) and discharges from such interneurones could cause the spontaneous 
activity in Fig. 6. Alternatively, the small potentials could be comparable 
to the miniature end-plate potentials first described by Fatt & Katz (1952), 
and shown by them to be due to the liberation of quanta of transmitter. 
It should be remembered that the transmitter is the same. as at the 
neuromuscular junction, and that the axon collaterals making synaptic 
connexions with Renshaw cells are indeed branches of the same motor 
nerve fibres that produce the miniature end-plate potentials of muscle. 
Possibly such miniature synaptic potentials are responsible for the late 
irregular discharges seen in such records as Fig. 2J, K, L and for the 
spontaneous discharges that are given by many Renshaw cells (Eccles 
et al. 1956; Curtis & Eccles, 1958a), : 


Convergence on to Renshaw cells from different muscle nerves 


The convergence of muscle nerves on to a Renshaw cell was investigated 
by testing in turn the responses of the cell to single maximum alpha 
volleys in the motor fibres of the various muscle nerves. Conceivably this 
technique would demonstrate an arbitrarily restricted field of moto- 
neurones from which a Renshaw cell could be excited during normal 
activity, for in such activity the repetitive firing of motoneurones might 
lead to the recruitment of Renshaw cells that were not excited by single 
volleys. This possibility was tested in one experiment by investigating 
the effect of repetitive synaptic activation of Renshaw cells. If a single 
volley failed to excite a Renshaw cell, a succession of volleys was also 
ineffective. The convergence revealed by the technique used in the present 
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work will thus also be present during the repetitive firing of motoneurones _ 


during normal reflex activity. 

Individual Renshaw cells in Table 1 tend to be dominated by one or two 
muscle nerves. When there was only one dominant line, the Renshaw cell 
might be labelled as belonging to that particular muscle. When there was 
more than one dominant line, a convergence of synergists was sometimes 


evident, as in cells 13 and 16 in Table 1. Other Renshaw cells, however, 


were dominated by muscles of unrelated reflex functions, e.g. cells 11 and 12 
were excited maximally by the hip extensor, AB, and the knee flexor, PB. 
The possibility of interaction between antagonists at the same joint is, 
however, limited by the topographical arrangement of the motoneuronal 
nuclei in the spinal cord. The knee extensors, Q, are more cephalad than 
the knee flexors, PB and ST, the centres of the respective nuclei being 
separated by more than one segment. This separation is sufficient to prevent 
any significant interaction between those antagonists. The ankle extensors, 


MG, LG and Sol., are more caudal than the ankle flexors (supplied by the | 


deep peroneal nerve), but there is more overlap of the respective nuclei 
than with the knee antagonists. The location of motoneurones supplying 
the ankle antagonists thus again limits the possibility of convergence on 
to the same Renshaw cell, but there may also be other factors which 
limit the convergence. 


SUMMARY 


1. A detailed investigation has been made of the repetitive responses 
evoked in Renshaw cells by various sizes of antidromic volleys in alpha 
motor fibres. Comparable responses of a Renshaw cell were observed 
whether the size was varied by graded submaximal stimulation of a ventral 


root or by antidromic volleys in the different muscle nerves that converged | 


on the same cell. 

~ 2. An analysis of the responses when there was a smooth decline in 
- frequency from an initial maximum indicated that the synaptic stimulation 
had an initial very intense phase, about 2-3 msec in duration, followed 
by a much longer phase of low intensity. The very intense initial phase 
was also indicated by the break in rhythm sometimes observed between 
the second and third discharges, and by the high resistance of the initial 
2 or 3 discharges to the depressant action of drugs such as dihydro-f- 
-erythroidine hydrobromide. 

3. An intense initial phase of synaptic depolarization was also revealed 
by intracellular recording from Renshaw cells. Usually the time course 
was obscured by superimposed spikes; but these spikes were occasionally 
absent and the full time course of the synaptically induced EPSP was 

_ revealed. There was an initial depolarization about 2 msec in peeeon 
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and up to 36 mV in height and a later slowly declining tail up to 60 msec 
in duration. 

4, The EPSP evoked by a second antidromic volley was depressed for 
as long as 150 msec after a preceding volley, which correlates with previous 
reports of a prolonged depression of the discharges that a second antidromic 
volley evokes from Renshaw cells. 

5. An investigation has been made of the pattern of activation of 
Renshaw cells from a large variety of muscle nerves, and its significance 
has been discussed. 
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In recurrent inhibition the discharge of impulses from motoneurones 
exerts an inhibitory influence not only on motoneurones of the same 
species (homonymous motoneurones), but also on other motoneurones of 
diverse function (Renshaw, 1941; Lloyd, 1946, 1951; Eccles, Fatt & 
 Koketsu, 1954; Holmgren & Merton, 1954; Granit, Pascoe & Steg, 1957; 
Henatsch & Schulte, 1958; Kuno, 1959; Wilson, 1959; Brooks & Wilson, 
1959; Wilson, Talbot & Diecke, 1960). It is now generally agreed that the 
recurrent inhibitory pathway runs via motor axon collaterals to special 
interneurones in the ventro-medial part of the ventral horn (Renshaw, 
1946), which in turn discharge impulses that directly inhibit motoneurones 
(Eccles, Fatt & Koketsu, 1954; Frank & Fuortes, 1956; Eccles, Eccles, | 
Iggo & Lundberg, 1961). Undoubtedly recurrent inhibition provides a 
negative feed-back whereby motoneuronal discharge causes inhibition that 
is extensively distributed to neighbouring motoneurones of diverse func- 
tion. There is no evidence that recurrent inhibition extends more than one | 
segment along the cord, and it is strictly ipsilateral. 

In the earlier investigations the distribution of recurrent inhibition 
appeared to have no functional significance in reflex co-ordination and a 
general suppressor function on motoneuronal excitability was postulated — 
(Renshaw, 1941; Eccles, Fatt & Koketsu, 1954; Holmgren & Merton, 
1954; Hammond, Merton & Sutton, 1956). Subsequent investigators have 
attempted to discern additional functional meanings. Granit et al. (1957) 
found that recurrent inhibition was particularly exerted on tonic alpha 
motoneurones, which was confirmed by Kuno (1959), and proposed that 
recurrent inhibition served to stabilize the discharge of tonic moto- 
neurones at low frequencies even during strong gamma excitation of muscle 
_* Present address: Physiology Department, University New Buildings, Edinburgh, 
Scotland. 

t On leave from: Department of anciie Faculty of Medicine, Cehveiier of Tokyo, 
Tokyo. 
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spindles (Granit & Rutledge, 1960). Brooks & Wilson (1959) also proposed 
a function related to the gamma-loop activation of motoneurones, but 
with a more general distribution to motoneurones of all types. When 
gamma motoneurones activate muscle spindles of a muscle, they evoke 
the discharge of Group Ia afferent impulses, which monosynaptically 
excite not only the motoneurones of that muscle, an homonymous action, 
but also the motoneurones of synergic muscles, and even of apparently 
unrelated muscles (Eccles, Eccles & Lundberg, 1957a; Eccles & Lundberg, 
1958). These latter types of activation are usually weaker, and hence are 
more readily suppressed by the recurrent inhibition driven by the dis- 
charging motoneurones. Thus recurrent inhibition would tend to confine 
the operation of the gamma-loop mechanism to the alpha motoneurones 
belonging to the muscle containing the discharging annulo-spiral endings 
(cf. Granit & Rutledge, 1960), and hence subserve finesse of movement. 
Finally, Wilson, Talbot & Diecke (1960) investigated the distribution not 
only of recurrent inhibition, but also of the recurrent facilitation that was 
originally repcrted by Renshaw (1941) and later overlooked because it was 
depressed in anaesthetized preparations (Wilson, 1959; Wilson & Talbot, 
1960). On the basis of this additional information they proposed that, 
besides the inhibitory stabilization of level of excitation of motoneurones 
and the sharpening of effectiveness of monosynaptic excitation, the re- 
current facilitation serves to enhance the level of excitation of flexor 
motoneurones, which otherwise would be dominated by the more power- 
fully activated extensors. _ | 

The present investigation has been undertaken in relation to these 
various postulated functions of recurrent inhibition, which are tested by a 
more extensive survey of the distribution of recurrent inhibition than has 
hitherto been attempted. Altogether over 400 motoneurones belonging to 
fourteen different muscles of the cat hind limb have been studied intra- 
cellularly in order to discover the incidence of recurrent inhibition in 
response to antidromic volleys in fourteen different muscle nerves. In the 
original survey there were only thirty-six motoneurones and eight types of 
antidromic volley (Eccles, Fatt & Koketsu, 1954). The only other intra- 
cellular survey was restricted to twenty-eight gastrocnemius-soleus moto- 
neurones and three types of antidromic volley (Kuno, 1959). A preli- 
minary mpon has been published (Eccles, Iggo & Ito, 1960). 


METHODS 


The ten cats used were lightly anaesthetized with pentobarbital sodium. The spinal cord 
was cut at the upper lumbar region (lumbar 1 or 2) and all the ipsilateral dorsal roots from 
sacral 3 to lumbar 5 were cut. Up to fifteen nerves supplying the muscles of the hind limb 
were dissected free in the leg and set up for electrical stimulation. All the motor nuclei 
innervating knee and ankle muscles lie in the lumbar 6 and 7 and sacral 1 segments and 
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almost all the limb-muscle nerves, including the inferior and superior gluteal nerves, arising 
from this part of the cord were tested. A full investigation of the Renshaw inhibition for 
lumbar 5 and 6 segments has not been attempted because of the technical difficulty of working 
with many of the muscle nerves originating from these segments. 

The techniques for intracellular recording from motoneurones have already been published 
in detail (Eccles, Fatt, Landgren & Winsbury, 1954; Coombs, Eccles & Fatt, 1955). 
Single micro-electrodes filled with either 0-6m-K,SO,-agar, or occasionally 3m-KCl, were 
used. With KCl-filled electrodes the inhibitory potentials were tested at different membrane 
potential levels to see whether the inhibitory potential was masked by a change in the 
inhibitory equilibrium potential due to the leakage of Cl- ions from the electrode (Coombs, 
Eccles & Fatt, 19555; Eccles, Eccles & Lundberg, 19576). The time constant of the amplifier 
(500 msec) was sufficiently long for recording the recurrent or Renshaw inhibitory post- 
synaptic potentials (RIPSPs) without appreciable distortion. Invasion of a motoneurone 
by an antidromic impulse in its own axon was prevented by passing between the micro- 
electrode and earth a brief pulse (0-1—1-2 msec) of hyperpolarizing current (see Fuortes, 
Frank & Becker, 1957; Coombs, Curtis & Eccles, 1957). In this way it was possible to employ 
a maximum antidromic volley in the homonymous nerve without the complication of an 
after-hyperpolarization in the motoneurone under observation. While thus avoiding depres- 
sion of the Renshaw IPSP on account of superposition:on the after-hyperpolarization, there 
was, nevertheless, still some depression because the IPSP was superposed on, and hence 
occluded by, the hyperpolarization that decayed for many milliseconds after the blocking 
pulse. By comparing the IPSPs of Fig. 1 R and 7’, the occlusion is seen to diminish the 
Renshaw IPSP to about 60%. Throughout this paper there has been no correction for this 
effect, hence all homonymous [PSPs will be underestimated. 

Nomenclature. The following abbreviations have been used, especially in figures: AB = 
anterior biceps; SM = senfimembranosus; ST = semitendinosus; PB = posterior biceps; 
MG = medial gastrocnemius; LG = lateral gastrocnemius; Sol = soleus; Pop = popliteus; 
Pl = plantaris; FDL = flexor digitorum longus + flexor hallucis longus; Per = peroneal, 
supplying all three peroneal muscles as well as tibialis anticus, extensor digitorum longus 
and brevis; SG = superior gluteal; IG = inferior gluteal; T = tibial, supplying flexor 
digitorum brevis and the small foot muscles; Q = quadriceps; Grac = gracilis. 


RESULTS 
Post-synaptic potentials generated by recurrent inhibition (RIPSP) 

As illustrated in Figs. 1, 2 and 3, maximum antidromic volleys in the 
motor fibres of many muscle nerves produce RIPSPs in a motoneurone. 
These diverse RIPSPs vary greatly in size, but have similar time courses: 
a central latency of rather more than 1 msec; a maximum at about 5 msec 
later; and a total duration of about 40 msec (cf. Eccles, Fatt & Koketsu, 
1954). Since the equilibrium potential for the R'PSP (about —80 mV) 
is only about —10 mV from the resting potential (Coombs et al. 1955b), 
a linear increase in the inhibitory synaptic action will give a progressively 
diminishing increase in the size of the RIPSP, i.e. there is an interaction, 
or occlusion, between superimposed RIPSPs, which increases with the 
sizes of the RIPSPs (Fig. 3).. Usually, the RIPSPs generated by single 
muscle volleys have not been larger than —2 or —3 mV, so there is no 
serious error in employing the amplitudes of the RIPSPs in Figs. 1 and 2 
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as measures of the respective inhibitory synaptic actions without making 
any correction for occlusion. 

A total of 474 motoneurones were collected in the present experiments. 
As judged by the magnitude and instability of the resting and action 
potentials, many of the motoneurones were damaged by the penetration 
of the micro-electrode, and consequently were discarded as unreliable when 
assembling the statistical analyses in Tables 1 and 2. Because the sulphate‘ 
filled electrodes tended to be noisy and to block frequently, the resting 
potential measurements were not considered to be sufficiently reliable to 
provide an index of the condition of the cell. Instead, the size of the anti- 
dromic spike potential has been used and all cells with a spike potential of 
less than 50 mV were rejected. 

In order to compare the total amount of recurrent inhibition which 


PB cell 
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Fig. 1. Intracellular records from a posterior biceps motoneurone to illustrate the 
recurrent or Renshaw post-synaptic inhibitory potentials (RIPSPs) generated by 
antidromic volleys from different muscle nerves. Lower traces of A—P give the re- 
sponses evoked by maximum antidromic volleys from the various muscle nerves as 
indicated by the symbols, which may be identified by reference to the paragraph, 
under Methods, labelled ‘nomenclature’. Downward deflexion signals increasing 
negativity of the micro-electrode tip, i.e. hyperpolarization, H shows PB response 
at a slower sweep speed, all other records being at speed given in time scale of Q. 
Upper traces were taken from the dorsal surface of the cord. In R the RIPSP from 
PB was sometimes recorded since the stimulus was at the threshold of the axon 
itself. When the axon was activated the RIPSP was obscured by the larger after- 
hyperpolarization. In S arectangular pulse was applied in about 50 % of the records, 
80 preventing the invasion of the cell. In 7 the effect of such a pulse alone (upper 
record) is compared to the pulse plus the posterior biceps volley. The difference 
between them indicates the size of the autogenous RIPSP. Spike evoked by the PB 
volley was 89 mV (Q); conduction velocity of the axon was 70 m/sec; duration of 
after-hyperpolarization (AHP) was 100 msec (H); resting potential (RP) was 
—67 to —62mV. Micro-electrode was filled with 0-6m-K,SO, plus 1% agar. 
Same potential scale for records except Q. Records in this and subsequent figures 
consist of superposed sweeps. 
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A SG 


D. IG TT L Per 
10 msec mV 


Fig. 2. Intracellular records as in Fig. 1, but from a soleus motoneurone in order 
to show the wide field of neurones from which it receives Renshaw inhibition. The 
size of the autogenous RIPSP is indicated by a line on the soleus record (K), where 
the large after-hyperpolarization follows the antidromic spike potential. This cell 
had a resting potential of —60 to —63 mV; the spike potential was 80 mV (H); 
the duration of the after-hyperpolarization was 140 msec (P); and the conduction 
velocity of its axon was 67 m/sec. Same potential scale for records except H, and 
time scale of D for all except H and P. 


AB cell 


PB+SM B PB PB +SM 


20 mse msec 


Fig. 3. These records from an anterior biceps motoneurone illustrate the 
RIPSPs produced by interaction of antidromic volleys from two different muscle 
nerves. In each record the upper trace is from a lead on the surface of the cord and 
the lower is the intracellular record. The RIPSPs were generated. by maximal volleys 
in the alpha motor axons in posterior biceps (PB) and semimembranosus (SM) alone 
and together as indicated by the symbols; with synchronized volleys in A, D and 
E and with SM following PB at various intervals in F-H. At 50 msec there was 
almost no sign of the occlusion which was so evident in E-G, Antidromic spike 
(not shown) was 90 mV; autogenous RIPSP by pulse method was 3-2 mV; resting | 
potential, —62 mV. 
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could be generated in different motoneurones, the peak amplitudes of the 
RIPSPs produced in an individual motoneurone by maximum antidromic 
volleys from each muscle nerve alone have been added together to give 
a cumulative figure (the sum of the autogenous and heterogeneous in 
Table 1), which was as large as 22 mV in one Sol motoneurone. These 
aggregate values give a useful basis for comparison between different 
species of motoneurones, but it is evident that synchronous volleys in all 
the muscle nerves could not generate such a large RIPSP which would be 


TABLE 1. The mean values for the action potentials, conduction velocities, duration of after- 
hyperpolarizations and Renshaw IPSPs for the motoneurones of the hind limb. The nuclei 
are arranged in descending order of duration of after-hyperpolarization. The RIPSP is 
entered under autogenous RIPSP, i.e. that generated by volleys in the motoneurone’s own 
muscle nerves and heterogeneous RIPSP, i.e. the sum of the individual RIPSPs generated 
by volleys in all the other muscle nerves. The standard error of each mean is given, with 
the number of cells tested in parentheses 


After-hyper- 
polarization 
% of 
cells | Sum of all 
longer Renshaw Renshaw 
Motoneuronal potential velocity Duration 110 (autogenous) (heterogeneous) 
nucleus (mV) (m/sec) (msec) msec (mV) | (mV) 

Soleus 67+3-2 (11) 6441-8(12) 1864+3-5(9) 100 1:4640-22(7) 12-84+1-6 (11) 
FLD+FHL 664+3 (15) 7542-1 (14) 1184+5-6(13) 54 0-5 +0-25 (13) 3-4+0-95 (16) 
Plantaris 67+2-3 (23) 75+2-2 (15) (22) 45 1-164+0-36(9)  3-5+0-65 (23) 

Semimembranosus 72+2:1(10) 75+5 (6) 11044 (10) 40. 2-4740-12 (6)  6-6+41-55 (6) 
Anterior biceps 64+ 1-8 (29) 7641-7 (31) 1094+3-9(27) 37 2-06+0-28 (17) 5-3+0-36 (29) 
Lateral 66+2-3 (24) 79+2-1 (16) 1054+4-3(19) 31 1:32+0-11 (16) 4-1+0-56 (24) 

gastrocnemius 
Medial 62+2-3 (32) 7341-1 (21) 103+4-1(25) 40 0-934+0-:2(19)  2-9+0-5 (30) 
gastrocnemius 

Glu 68 + 2:3 (19) 103+2-9(18) 21 152402 (12) 2-9+0-45 (19) 
Posterior biceps 64+1-6 (43) 7940-4 (46) 994+2-5(39) 10 1-52+0-34 (29) 3-1+0-49 (44) 

Popliteus 69+3-4(7)  80+2-9 (9) 98+5 (6) 16 1:37+0-25 (4) 3-8+0-32 (7) 
Peroneal 65+2-1 (18) 85+7°3 (4) 95+2-5 (11) 18 0-454+0-23 (8) 1-4+0-42 (18) 
Semitendinosus 66+2-9 (13) 78+05(15) 89+4-0 (9) 0 1540-25 (12) 1-940-49 (13) 


far beyond the potential required to reach the equilibrium potential for 

the IPSP. Not only would there be occlusion between the RIPSPs 

generated by the different muscle volleys, but a further occlusive influence 

_ would occur at the level of the Renshaw cells themselves, because there is a 
very effective convergence of the axon collaterals from the motor fibres to 
many different muscles on to the same Renshaw cell (Eccles, Fatt & 
Koketsu, 1954; Eccles et al. 1961). 

With a few very sigificant exceptions the largest RIPSP was generated 
by an antidromic volley in the muscle nerve to which the impaled moto- 
neurone belonged (Table 2, Fig. 9). The measurement of this autogenous 

_RIPSP required that antidromic invasion of the impaled cell should be 
blocked by means of a short hyperpolarizing pulse through the recording 
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electrode as described in Methods. This autogenous RIPSP was largest 
with semimembranosus and AB motoneurones (Table 1). Exceptions to 
the rule were soleus and flexor longus digitorum motoneurones (Figs. 2, 
9, 10; Table 2), where the autogenous RIPSP was smaller. The small 
number of alpha motor fibres in the soleus nerve presumably accounts for 
the poverty of its autogenous RIPSP. 


Factors governing the intensity and pattern of the RIPSP 
received by a motoneurone 


Type of motoneurone. Measurements of axonal conduction velocity and 
duration of after-hyperpolarization have been made on 146 alpha moto- 
neurones. After pooling these motoneurones into eight categories accor- 
ding to conduction velocity, it is found that the mean durations of the 
after-hyperpolarization for each velocity category lie along the curve 
shown in Fig. 4. Evidently, those axons with conduction velocities of less 
than 70 m/sec come from motoneurones with relatively long after-hyper- 
polarizations. This confirmation of earlier investigations (Eccles, Eccles & 
Lundberg, 1958; Kuno, 1959) provides further support for the assumption 
that cells with long after-hyperpolarizations are tonic alpha motoneurones. 
If an arbitrary figure of 110 msec is taken to be the lower limit for the 
after-hyperpolarizations that are classed as belonging to tonic moto- 
neurones, then the Sol sample in Table 1 exclusively comprised tonic 
motoneurones, whereas at the lower end of the scale ST was exclusively 
phasic. However, such a rigid criterion for tonic and phasic classification 
must be regarded as of doubtful validity. 

Motoneurones with long after-hyperpolarizations always received a 
larger total RIPSP than motoneurones with brief after-hyperpolarizations, 
though the receptive field may be just as extensive. For example, a com- 
parison of Figs, 1 and 2 shows typically that a soleus motoneurone received 
a larger aggregate RIPSP from much the same receptive field as for the 
PB motoneurone. Both the aggregate RIPSP and the duration of the 
after-hyperpolarization have been determined for 210 motoneurones. 
After pooling these motoneurones into eleven categories according to the 
duration of the after-hyperpolarization, the mean aggregate RIPSP was 
determined for each category and plotted as in Fig. 5. It is seen that there 
is an approximately linear relationship, the motoneurones with the longest 
after-hyperpolarizations having the largest aggregate RIPSPs. If an- 
arbitrary figure of —9 mV is taken to indicate a very large aggregate 
RIPSP, then 75% of the Sol motoneurones are in the group having very 
large RIPSPs. The SM comes next with 50 % of its celia! in that same group 
followed by AB with.17 %. 
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If the assumption that all alpha motoneurones with long after-hyper- 
polarizations are tonic is correct, the present results indicate that the tonic 
alpha motoneurones are more strongly inhibited by the recurrent col- 
laterals than are the phasic motoneurones. This conclusion is in agree- 
ment with the results of the reflex experiments of Granit et al. (1957). There 
do not, however, appear to be two distinct populations of motoneurones; 
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Fig. 4. Relationship between the conduction velocities of the axons and the dura- 
tions of the after-hyperpolarization from 227 motoneurones. The times to travel 
1 m are plotted as abcissae in linear scaling and the equivalent conduction velocities 
are also shown. On correction (assuming a Q,, = 1-7) for the relatively low tem- 
peratures of the preparations (usually 34—35° C) the inflexion on the curve occurs‘at 
approximately 80 m/sec. The vertical lines indicate the sizes of the standard errors 
of the means at each point. Further description in text. The population was grouped 
into classes at intervals of 10 msec on the conduction velocity scale, except at 
either end where, because of the small sample available, the classes were larger. 


all transitions exist both with the conduction velocities (Fig. 4) and with 
the after-hyperpolarizations (Fig. 5). The gamma motoneurones, on the 
other hand, do not develop a detectable RIPSP even though their axons 
are much more slowly conducting than those of the tonic alpha moto- 
neurones (Granit et al. 1957; Eccles, Eccles, Iggo & Lundberg, 1960). 

_ Location of the motoneurone. It was reported by Renshaw (1941) and by 
Kecles, Fatt & Koketsu (1954) that the effectiveness of recurrent inhibi- 
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‘tory action from muscle nerves on to a motoneurone was related to the 

proximity of this motoneurone to the motor nuclei of the various nerves. 
_ On the other hand, while recognizing the possible influence of proximity, 
Wilson e¢ al. (1960) stressed particularly that a meaningful functional | 
pattern could be discerned. Before attempting to relate the present results 
to the concepts developed by Wilson e¢ al. three different procedures will 
be adopted in order to see how far the new evidence conforms to the 
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Total RIPSP (mV) 


60 100 140 180 220 260 
After-hyperpolarization (msec) 


_ Fig. 5. Illustration of the relationship between after-hyperpolarizations of 210 
motoneurones and the sums of all RIPSPs received by them from all the muscle 
nerves tested. Vertical lines indicate the sizes of the standard errors of the means. 
Further description in text. The population was arbitrarily grouped into classes at 
10 msec intervals along the abscissa, éxcept for the last four classes which were 
sepsis larger to increase the size of the sample for statistical analysis. 


pronctenitiy principle. In (i) and (ii) individual cells were tested whilst in 
(iii) populations of cells were examined. 

(i) Figure 6 shows that when several cells in the same nucleus of one 
animal (AB in this example) were examined at the same segmental level, 
there was a fairly consistent pattern in the effectiveness of different muscle 
nerves in generating the RIPSP. The relative potency of these different 
nerves can be related in part to the proximity of the respective motor 
nuclei to the AB nucleus. For example, PB, SM and ST motoneurones lie 
in the same column of cells in the ventral horn and at overlapping seg- © 
mental levels (Romanes, 1951), while the other potent nerves in Fig. 6 
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were MG and LG, which have their motoneurones just dorsal to the AB 
motoneurones, and IG with a just ventral location. These results for a single 
nucleus sampled at one level of the cord are illustrative of many series in 
the present investigation and are in general agreement with the proximity 
hypothesis. 


fe) 
© ® 
= 
0 
* 
x 
x 2 
fe) 
£ 
x 


AB PB LG IG. SM ST MG PI SG Sol Pop 


Fig. 6. In six anterior biceps motoneurones indicated by the six different symbols 
the RIPSPs received from all eleven nerves are plotted as percentages of the sums 
of all the RIPSPs. These neurones were all in the same region of the anterior 


biceps nucleus of one cat. The nerves are arranged approximately in descending 
order of effectiveness. 


(ii) In an alternative procedure the RIPSP production has been deter- 
mined for motoneurones in the same nucleus but at several different 
segmental levels. For this investigation the PB nucleus is particularly 
appropriate since it extends through nearly two segments. For example, 
the RIPSPs produced in PB cells by the most effective three muscle 
nerves were recorded at three segmental levels several millimetres apart, 
the mean values being plotted in Fig. 7A. The much greater effectiveness of 
the AB volley at the most rostral level (level I at lower L7) may be corre- 
lated with the more rostral location of its motor nucleus. This segmental 
gradient of effectiveness is even better illustrated in the larger sample of 
motoneurones plotted in Fig. 7B, where the mean RIPSPs recorded from 
all species of motoneurones were plotted as in Fig. 7A. The motor nuclei of 
PB, MG and IG correspond closely in their caudal extension, which is 
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several millimetres beyond the AB nucleus, as is indicated in the locations 
marked in Fig. 9. The segmental gradients of effectiveness of various 
muscle nerves in generating RIPSPs are thus in good agreement with the 
segmental locations of their respective motor nuclei. 

(iii) There is also a dorso-ventral gradient in the patterns of RIPSP 
distribution. For example, Fig. 8 is formed by assembling the various 
motoneurones and their associated motor fibres into four groups that corre- 
spond to their dorso-ventral location, the dorso-ventral sequence being: 
FDL+Pl; MG, LG, Sol; PB, AB. ST; SG. For each group of moto- 
neurones the RIPSPs are plotted as percentages of the aggregate RIPSP. 


MG 
B 
30 ig 230 
fe) 
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Fig. 7. A. In one cat posterior biceps motoneurones were investigated at different 
segmental levels: (I) in the lower L7 region; (II) I mm more caudally; and (III) 
in the upper S1 region. At each site the means of the RIPSPs from each source 
(MG, IG and AB) are expressed as percentages of the sum of all RIPSPs received. 
In B, mean RIPSPs in all the motoneurones in that same cat (including the 
posterior biceps that are alone plotted in 4) are plotted for the three regions in 
the same way as in A, but RIPSPs produced by PB volleys are added. Crosses refer 
to PB volleys, otherwise symbols as in Fig. 7 A. 


There is seen to be a general tendency for the more ventrally located moto- 
neurones to develop large RIPSPs in response to antidromic volleys to the 
corresponding motor nuclei, and in particular FDL and Pl volleys were 
quite ineffective on the two most ventral groups. Likewise the two most 
dorsal groups of motoneurones generate very little RIPSP in response to 


- 8G volleys. Neither FDL nor Pl, the most dorsal nuclei, give or receive 


RIPSPs of the same order of magnitude as more ventrally situated nuclei. 

In order to compensate as far as possible for the incomplete sampling 
imposed by the experimental conditions, the results for all the experiments 
were pooled and the input pattern for each muscle nucleus was calculated. 
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The average value for the RIPSP from each muscle nerve to the average 
cell of the particular motoneuronal nucleus was then plotted on a histo- 
gram in Fig. 9. The importance of proximity is still evident. The peroneal 
nucleus at the rostral end of the series is not affected by the volleys in the 
muscle nerves of the more caudally located nuclei; reciprocally the moto- 
‘neurones of the three most caudal nuclei (PB, MG and Sol) develop little 
if any RIPSP in response to volleys to the more rostrally located nuclei. 


Nerve volleys 
FDL MG, LG PB, AB SG 
70 +PI Sol ST 


FDL | | 

| | | 
Y 
Sol | 


Hamstring Yj, 


0 
Fig. 8. The amounts of the RIPSPs from different sources are plotted as per- 
centages of the sums of all the RIPSPs. The motor nuclei are arranged in hori- 
zontal rows (in relation to their dorso-ventral position): the most dorsal nuclei on 
the uppermost line; the most ventral on the lowermost. The corresponding nerve 
volleys are arranged in the vertical columns as indicated by the symbols. The © 
height of each block is a measure of the sum of the RIPSPs which are produced by 
the antidromic volleys of its column, this sum being expressed as a percentage of the 
total RIPSPs of the motoneurones belonging to that row. With the hatched areas 
the RIPSP was produced in motoneurones by volleys of the same group. 


The RIPSPs produced in Sol motoneurones provide an illustration of the 
patterns displayed in Fig. 9. The largest RIPSPs are produced by Pl, LG, 
AB, PB, MG volleys. The respective nuclei are either intermingled with 
Sol (LG and MG) or lie immediately dorsal (Pl) or ventral (AB, PB). The 
least effective volleys belong to nuclei more rostrally located (SM, SG, 
FDL, Per). An exceptional position is, however, occupied by ST which 
produces a very small RIPSP despite the proximity of the ST and Sol 

In order to display the pattern of distribution, the mean RIPSPs have 
been calculated for each type of antidromic volley acting on each type of 
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motoneurone. In Table 2 the volleys are arranged in columns and the 
motoneurones in rows. The antidromic volleys which were least effective 
were Per and FDL, which belong to the nuclei situated most dorso- 
laterally, and hence furthest from the location of most of the Renshaw 
cells (Eccles, Fatt & Koketsu, 1954). These motoneurones were also 
amongst the lowest recipients of RIPSP. Thus it seems that promixity 


Motor nerve volleys 3 
SM SG FDL Per Pl Pop LG AB ST IG PB MG Sol He 
0 


Pe 
POP 
st 
MG 


Fig. 9. The mean amounts of the RIPSPs received by all types of motoneurones 
are plotted for each type of antidromic volley in horizontal rows as indicated by the 
symbols. The motoneurones are arranged in vertical sequence on the left, the 
descending order representing relative rostro-caudal position. The RIPSPs pro- 
duced by the various nerve volleys are arranged in vertical columns as indicated by 
the symbols above. Numbers to the right indicate the number of motoneurones in 
each category; the voltage scale applies to all potentials. The approximate longi- 
tudinal extent of each nucleus is indicated by the thick lines under each entry. © 


. of the motoneuronal nuclei to the location of the Renshaw cells is an 


important factor in determining the size of the RIPSP. The poverty of 
action of Per volleys is presumably related to the extreme lateral course of 
their axons in the spinal cord (Balthasar, 1952), the motor axon collaterals 
consequently having a particularly long developmental path ir in order to — 
reach the Renshaw cells. 

Functional relationship of the motoneurones. In Table 2 the mean 
RIPSPs evoked by antidromic volleys in 387 motoneurones producing 
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extension and flexion at the various limb joints are tabulated with respect 
to functional relationship. Unfortunately the Table is incomplete: there 
were no hip flexors and the number of knee extensor (Q) motoneurones was 
so small that their RIPSPs were not included in the Table. The Q antidromic 
volleys were tested on all motoneurones, but uniformly had no action. 


TABLE 2. The relation between functional groups of motoneuronal nuclei and the size of 
the RIPSPs generated in them by antidromic volleys in muscle nerves. The motoneurones 
producing extension and those producing flexion at hind-limb joints have been grouped and 
arranged vertically, while the muscle nerves stimulated have been arranged horizontally in 
the same order. Synergic groups are in bold figures and antagonists are in italic figures 


Nerve volleys 
Extensors Flexors 
Hip Ankle Digits Knee Ankle 


AB SM MG _ Sol 


AB 66 861-9 1-4 0-42 066 0-22 0 0-96 082 
SM 16 «6107 «630 0-2 0-2 0 0-1 0-2 0-5 0-2 0-4 
MG 42 055 0 1-3 0-68 O23 0-23 0 0-52. 0 0 
LG 44. 084 012 074 1:2 93 0-71 0-2 0-4 0 0 
Sol 0-1 2-0 1-9 1-1 1-1 0-37 1:2 0-22 0-1 
Pl 0 0-52 1-0 0-3 1:2 0-24 0:23 0O 0-41 
FDL 33.0 0-37) 0-44 0:7 0-32 0-5 0-4 0-16 O12 O1 
PB 75 «115 0-4 0-78 048 O-1 0-15 0 1-7 0-6 0 
ST 29° 0:20 0-12 OF .- 0-1 0 0 0 0-75 1:5 0 
Per ly “os 0-7 0 0-1 0 0-2 0-2 0 0-7 1-] 
Totals 758 594 650 7:02 235 441 161 642 416 2-11 


RIPSPs are seen to be particularly large within synergic groups, which 
are in bold figures in the Table. For example, with the synergic group of hip 


extensors the AB and SM volleys are particularly powerful on AB and SM — 


motoneurones. Other examples are the ankle extensors (Sol, MG and LG), 
and the knee flexors (PB and ST). Evidently the large autogenous RIPSPs 
are just special examples of the large RIPSPs regularly occurring in the 
interaction between members of synergic groups. In all these examples the 
large RIPSPs could be attributable to proximity of the respective moto- 
neuronal nuclei; there may be no significance in the functional relationship. 

The RIPSPs produced in motoneurones by antidromic volleys from 
antagonist muscles at the same joint are shown in italic figures. These 


RIPSPs are always very small and are sometimes absent. It can be stated ' 


that RIPSPs between antagonist motoneurones are negligible. Again, 
however, this may not depend on their opposed functional relationship. 
In many cases there is a considerable distance between the antagonist 


motoneuronal nuclei. An exception would be the FDL, Pl and Per motor 


nuclei; the latter normally lies just lateral to the former two throughout 
almost the whole L7 segment. 
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Apart from the synergists at a particular joint, there is a tendency for 
the largest RIPSPs to be evoked by antidromic volleys from extensors on 
to extensor motoneurones. However, this relates to the most effective 
antidromic volleys, AB, MG and LG, rather than to all extensor anti- 
dromic volleys, and AB, MG and LG volleys are also effective on flexor 
motoneurones. Another relatively powerful antidromic volley is from the 
knee flexor, PB. On the other hand the knee extensor, Q, has little or no 
action on the extensors at other joints (Figs. 2, 10), an exception that is 
presumably attributable to the extensive segmental separation between Q 
motor nucleus in L5 and upper L6 segments, and the nuclei of all the 
other extensor muscles (in Table 2). Another general statement is that, 
apart from synergists, flexor antidromic volleys produce little or no 
RIPSP in flexor motoneurones. | 

Though there is much evidence that proximity of motoneuronal nuclei 
has an important influence on the size of the RIPSP, there is also evidence 
that other factors must be envisaged. For example, in Table 2 ST volleys 
are very poor at producing RIPSPs in Sol and G motoneurones. Reci- 
procally Sol and G antidromic volleys are also very poor in producing 
RIPSPs in ST motoneurones, yet the respective nuclei arein close apposition 
in the lower L7 and upper 81 segments, the ST. — just ventral to the G 
and Sol motoneurones. 


Excitatory post-synaptic potentials generated by antidromic volleys 

In both anaesthetized and decerebrate cats, Renshaw (1941) regularly 
found a facilitation of monosynaptic reflex discharge when the condi- 
tioning antidromic volley entered the cord at a different segmental level 
from the tested muscle nucleus. Since Wilson (1959) has shown that the 
time course, as measured by changes in the size of the monosynaptic 
reflex, is longer for recurrent facilitation,than for the inhibition, recurrent 
facilitation might be expected to be evident as a later depolarization. The 


latency of the facilitation was about 1 msec longer than for the inhibition, 


which Wilson (1959) suggested was due to at least one more interneurone 
in the facilitatory path. | 
Depolarization was never large in the present experiments though 
occasionally a small late depolarization was recorded (Fig. 10K). In order 
to see if a depolarization was being concealed by a larger hyperpolariza- 
tion, the membrane was shifted to the equilibrium potential for the RIPSP 
(approximately —80 mV) by passing a steady current through the intra- 
cellular electrode and across the cell membrane, but no additional re- 
current excitatory post-synaptic potentials (REPSPs) were revealed by 


_ this procedure. Except for one unusually large REPSP of 0-4 mV, all 


REPSPs were 0-1 mV or less. The total number of times that such a trace 
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as that of Fig. 10K was detected was 32 in a total of about 6000 trials. On 
14 of these occasions a flexor motoneurone was depolarized, a peroneal 
motoneurone being involved ten times; which corresponds to the findings 
of Wilson, Talbot & Diecke (1960). The next most frequent —" were 
the extensor motoneurones, AB (8) and FDL (6). 


FDL celi 

A SM Cc Q G MG K PI 
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Fig. 10. The RIPSPs from all sources are shown for an FDL motoneurone as in 
Fig. 1. Note the small REPSP from plantaris (K). The antidromic spike was 
58 mV; duration of the after-hyperpolarization was 110 msec and the resting 
potential was —54 mV. 


DISCUSSION 


In attempting to correlate the present results on the distribution of the 
RIPSP with the distributions reported by Wilson, Talbot & Diecke (1960), 
account must be taken of several differences between the two investiga- 
tions. Recurrent facilitations were far more prominent in the investiga- 
tion of Wilson et al. than were REPSPs in the present investigation, a 
difference readily explicable by the selective depression exerted by barbi- 
turates on recurrent facilitation (Wilson & Talbot, 1960), although 
Renshaw (1946) observed large facilitations in cats anaesthetized with 
Nembutal. However, the present investigation has the advantage that 
detailed quantitative information is provided for many hundreds of moto- 
neurones. Furthermore, the autogenous RIPSP was regularly measured, 
whereas autogenous recurrent inhibition was not investigated by Wilson, 
‘Talbot & Diecke (1960). Thus, the present investigation is much more 
comprehensive in respect of recurrent inhibition, but makes virtually no 
contribution on recurrent facilitation. It may be noted that there is on the 
whole very good agreement between Table 1 and the preliminary results of 
Kccles, Fatt & Koktesu (1954, Table 1) with relatively few motoneurones. 
The low values there reported for most autogenous RIPSPs arise because 
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in many cases they were submaximal, the stimuli being just below the 
threshold of the motoneurone’s axon. 

There is a very satisfactory degree of agreement between the present 
results on the distribution of RIPSP and those of Wilson, Talbot & Diecke 
(1960) on recurrent inhibition, particularly if allowance is made for the 
occasions when recurrent inhibition was masked by recurrent facilitation. 


_ For example, in agreement with Wilson, Talbot & Diecke (1960), there 


is in Table 2 virtually no RIPSP between the ankle extensors and flexors 
in either direction (G and Sol on the one hand and Per on the other); but 
there is a considerable RIPSP within each synergic group. There is similar 
agreement between the two series of investigations on the motoneurones 
responsible for extension and flexion of the digits, where likewise there is a 
negligible RIPSP between antagonistic motoneurones, which contrasts 
with the fairly large RIPSPs within each synergic group. Finally, there is 
agreement on additional interactions that occur between flexor and 


extensor motoneurones independently of functional grouping; G+Sol 


volleys produce an RIPSP in PB and ST motoneurones, which in Table 2 
is seen also to be reciprocal; PB and ST volleys produce an RIPSP in AB 
motoneurones, which also is reciprocal in Table 2, at least for PB; finally 
Wilson, Talbot & Diecke (1960) reported that SM inhibits and AB facili- 
tates Per motoneurones, — in Table 2 both actions were weakly 
inhibitory. 

These last examples were Rayer by Wilson, Talbot & Diecke (1960) 
as being exceptions to their postulated general pattern of distribution of 
recurrent inhibition and facilitation. According to this pattern anti- 
dromic volleys from extensor muscles inhibit extensor motoneurones and 
facilitate flexors, while flexor antidromic volleys inhibit flexors and have 
little or no action on extensors. But in Table 2 there are several instances 
in which extensor volleys produce quite large RIPSPs in flexor moto- 
neurones (AB PG; G— BP; SM- Per); and similarly with flexors to 
extensors (PB > AB; ST > AB; PB — Sol). In fact, if the synergic groups 
be deleted from Table 2, there is on the average little more RIPSP from 
extensors to extensors (mean —0:35 mV) than from extensors to flexors _ 
(mean —0-28 mV) or flexors to extensors (mean —0-30 mV). Possibly, 
Wilson, Talbot & Diecke (1960) underestimated such types of recurrent 
inhibition because they were masked by recurrent facilitation. It can be 
concluded that the results documented in Table 2 provide many examples 
of distribution of RIPSP that do not conform with the postulates of 
Wilson, Talbot & Diecke (1960). In Table 2 there is no support for their 
proposal that tiie RIPSP has a distribution corresponding to that of Ib 
inhibition, which is very largely aes to extensor motoneurones 
(Eccles et al..1957b). 
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On the other hand, in Table 2 there is much support for the postulate 
that the distribution of RIPSP is related to the proximity of motoneuronal 
nuclei regardless of function. For example, AB and PB motoneurones are 
in the same neuronal column and have a considerable segmental overlap, 
but they have quite different functions, hip extension and knee flexion 
respectively. Yet in Table 2 there is a remarkable parallelism between the 
two motoneuronal types in respect both of action of the antidromic 
volleys, and of generation of RIPSPs by the motoneurones. However, 
there are several exceptions to the simple proximity hypothesis that was 


proposed by Eccles, Fatt & Koketsu (1954): ST motoneurones lie in a — 


column just ventral to G and Sol motoneurones, and are at the same seg- 
mental level, yet there is virtually no interaction in either direction; the 
very poor interaction between the contiguous Per and FDL cell columns 
is another example. This latter case may arise on account of the lateral 
trajectory of the Per motor axons, as mentioned above, but the former case 
‘seems to require some functional discriminatory factor between flexor and 
extensor motoneurones in respect of RIPSP connexions. 

The patterns of Renshaw cell connexions give an opportunity for in- 
vestigating problems relating to the manner in which inhibitory connexions 
are established in development and to the possibility of changing the con- 


nexions in response to altered motoneurone function consequent on cross- 


union. Certainly the patterns are much less discriminative than with the 
_ la inhibitory action, which very largely operates between antagonists at a 
joint (Laporte & Lloyd, 1952; Hunt & Perl, 1960). Yet mere random 
growth and connexion seems inadequate to account for some of the 
observed specification of connexion or lack of connexion. Undoubtedly, 
a major factor governing the pattern of distribution is that the linkage by 
recurrent inhibition can be established only over short distances, regardless 
of the functional significance of the connexion if it could be established. 
The absence of inhibitory interconnexion between the motoneurones of 
knee flexors and extensors has been mentioned above. Instead there is 
strong recurrent facilitation in both directions (Wilson, Talbot & Diecke. 
1960). This recurrent facilitation can operate over longer distances, which 
is presumably attributable to the one or more additional interneurones in 
the pathway (see Wilson, Talbot & Diecke, 1960; Wilson, Diecke & Talbot, 
1960). | 

The present results agree with those of Kuno (1959) in fully confirming 
the important postulate of Granit et al. (1957) and Granit & Rutledge 
(1960) that tonic alpha motoneurones receive much more recurrent inhi- 
bition than phasic alpha motoneurones (cf. Holmgren & Merton, 1954). 
The tonic motoneurones were identified by the long duration of their after- 
hyperpolarization (Eccles et al. 1958; Kuno, 1959) and it was shown (Fig. 5) 
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that there was almost a linear relationship between the duration of after- 
hyperpolarization and the amount of RIPSP that a motoneurone received. 
On the basis of these two criteria it must be concluded that there are not 
two discrete categories of fast and slow motoneurones, but that all tran- 
sitions exist (cf. Kuno, 1959). The specially large RIPSPs of motoneurones 
with long after-hyperpolarizations are further evidence that some specific 
factors control the development of recurrent inhibitory pathways in 
addition to mere proximity. 3 

The general functional significance of recurrent inhibition is still an open 
question. Perhaps, as suggested by Wilson, Talbot & Diecke (1960), there 
are several functions. (i) There can be no doubt that the very wide distri- 
bution cutting across all functional classification must give recurrent 
inhibition a general suppressor action on motoneurones of diverse type, 
such as was originally suggested by Eccles, Fatt & Koketsu (1954). (ii) The 
high level of RIPSP distribution to tonic motoneurones would also act to 
stabilize the frequency of discharge during the maintenance of postures as 
proposed by Granit et al. (1957). (iii) Recurrent inhibition certainly would 
sharpen the operation of the gamma-loop activation of muscle as implied by 
Brooks & Wilson (1959); but it has yet to be demonstrated that such an — 
action is functionally important in enhancing the precision of movement. 
(iv) Wilson, Talbot & Diecke (1960) incorporate recurrent facilitation in 
developing their concept that recurrent actions mediated through Renshaw 
cells tend to heighten the excitation of flexor motoneurones and depress 
the extensors, so helping to maintain a balance which otherwise would be 
weighted in favour of the more powerfully excited extensors. (v) Since 
tonic alpha motoneurones are special targets for recurrent inhibition, the 
intensive motoneuronal discharge subserving rapid movements would 
inhibit specifically the tonic motoneurones. This action would be func- 
tionally desirable, else the slowly contracting and relaxing muscles would 
impede the rapid movements. Thus recurrent inhibition would have the 
important function of suppressing all discharges from tonic motoneurones 
during the rapid movements of running or jumping. The desirability of this 
suppression was pointed out by Denny-Brown (1928) in his pioneer in- 
vestigations on fast and slow muscles, and he observed suppression of - 
discharges to soleus under such conditions. 

There is experimental evidence for all these proposed actions of the 
recurrent pathways through Renshaw cells. It remains for further in- 


_ vestigation to determine their relative importance in the control of posture 


and movement. 


4 
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SUMMARY 


1. The technique of intracellular recording has been employed in in- 
vestigating the recurrent or Renshaw inhibitory post-synaptic potentials 
(RIPSPs) that are produced by a wide variety of antidromic motor volleys 
in the motoneurones of the seventh lumbar and first sacral regions of the 
cat spinal cord. 

2. The total amount of the recurrent inhibition was measured as the 
aggregate of all the RIPSPs received by motoneurones of each type. It 
was much larger for motoneurones with long after-hyperpolarization, 
particularly for soleus motoneurones. For the whole population of moto- 
neurones there was a significant relationship between the duration of the 
after-hyperpolarization and the size of the aggregate RIPSP. 


3. The position of any motoneurone in the cord, whether in the rostral- 


caudal or in the dorsal-ventral dimensions, was related to the size and 
origin of the RIPSPs that it received. In general the closer the proximity 
of the motoneuronal nuclei the larger the size of the RIPSP that an anti- 
dromic volley in the axons of one produced in the motoneurones of the 
other. 


4, Antidromic volleys in the nerves to flexor and extensor muscles 


exhibited approximately the same effectiveness in generating RIPSPs. 
Extensor motoneurones, however, received a larger aggregate RIPSP than 
did flexor motoneurones. | 

5. Occasionally an antidromic volley produced a small excitatory post- 
synaptic potential (the recurrent or Renshaw EPSP). 

6. There is a general discussion of the various suggestions that have been 
made regarding the functional significance of the Renshaw or recurrent 
inhibition. 
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An interesting double contraction of the gracilis muscle of the cat, in 
which the first component had the unusually short contraction time of 
about 5 msec, was reported by Buller, Eccles & Eccles (1960). This very 
fast contraction contrasts with the contraction time of the remainder of 
the muscle, which is about 25 msec and thus equivalent to other fast 
muscles in the cat hind limb. This very fast initial contraction has no 
known parallel in other cat limb muscles and is comparable with the con- 
traction time of the extra-ocular muscles. If it was produced by motor 
units which were independently innervated by alpha motor axons, it would 
provide a mechanism for making extremely quick movements. 

In the present investigation we have prepared single motor units of 
gracilis muscle by stimulating ventral root filaments to see if there was a 
separation of gracilis muscle into fast and slowly contracting motor units. 
No such segregation was found, and the rest of the paper describes an 
attempt to analyse the mechanism of the double twitch. 


METHODS 


The animals (four cats) were anaesthetized with pentobarbital sodium. The gracilis muscle 
_ was carefully freed from the surrounding connective tissue without interruption of its blood 
or nerve supply. The remainder of the leg muscles were denervated. Either one thread was 
tied around its tendon of insertion (Fig. 1G) or the tendon was divided into four parts 
(Figs. 2 and 3), each being independently secured to the strain gauge (Statham G 1-8-350 or 
G 1-80-35). The methods of recording twitches from muscles kept at a controlled temperature 
have already been described in detail (Buller et al. 1960). 

Stimuli were applied, via an isolation transformer, to the whole or part of the L6 ventral 
root for the gracilis muscle; or to L7 ventral root for the lateral gastrocnemius muscle. 

Single motor units of the gracilis muscle were obtained by teasing apart filaments of L 6 


ventral root. It was often possible to dissect the filaments into a small portion containing» 


only one active motor axon, which could then be stimulated. 


* Nuffield Royal Society Commonwealth _— on leave from the Physiology Depart- 
ment, University of Edinburgh. 
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RESULTS 


The isometric twitch of the gracilis muscle caused by stimulating 
electrically the L6 ventral root is shown in Fig. 1. Two components of the 
twitch are clearly seen, with the very fast component demarcated from the 
rest of the contraction by a step on the rising phase. The contraction times 
were 5-10 msec and 16-20 msec for the two components, and depended on — 
the resting tension (Fig. 1). These twitches of the gracilis are very similar 
to those reported by Buller et al. (1960, Fig. 8). The relative amplitudes of 
the two components could be changed by altering the resting tension of the 
muscle. The first component was relatively larger at low tensions (A in. 
Fig. 1) and increased more slowly in amplitude than the second component 
as the resting tension of the muscle was increased. _ 


Fig. 1. Isometric twitches of the gracilis muscle are recorded in response to stimula- 
tion of L6 ventral root. A-—C show the effect of increases in resting tension, the — 
stimuli being maximal for all motor axons. D-—F show the effect of progressively 
increased stimulus intensity, the resting tension remaining constant. The lower 
traces in D—F are differentiated records of the twitches which were recorded by one 
thread tied around the main aponeurosis of the muscle (see diagram). Time scale 
constant A—F. Tension scales for A—C and D-F respectively are given on the left. 

G illustrates the method of attaching the thread to the tendon. 


When the stimulus intensity used to excite the ventral root was varied 
from threshold response to maximal response of the muscle, the two 
components of the twitch were present at all intensities (Fig. 1 D-F') and 
the first component was not proportionately larger at the low stimulus 
intensities. This result shows that the very fast component of the twitch 
was not due to muscle fibres innervated by alpha motor axons having 
specially low thresholds, which might be expected by extrapolation from 
the general relationships for alpha motor axons: the lower the threshold 
and the faster the conduction of the motor axons, the faster the contraction 
time of their motor units (Eccles, Eccles & Lundberg, 1958). 
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Twitches in single motor units of the muscle illustrated in Fig. 1 had 
contraction times for the peaks of the twitches similar to those for whole- 
muscle twitches. Each motor unit twitch also had some indication of the 
very fast component, usually as a convexity on the rising phase of the 


contraction. Twitch tensions ranged from 1-5 to 7 g (mean 5-7+8.E. 0-5 g, 


n = 33). The tetanus:twitch ratio ranged from 2-5 to 16, the lower the 
_ twitch tension the greater the ratio. For 8 motor units with twitch tensions 
less than 4 g the ratio was 9-16, whereas for the 4 motor units with twitch 
tensions of 10—14 g the ratio was only 2-5-5. The units with low ratios also 
had twitches with an earlier and more rapid rise of tension. 

The above results suggested that the presumed very-rapidly-contracting 
muscle fibres in the gracilis muscle were not organized separately from the 
rest of the extrafusal muscle fibres, since, in two cats, none of the 42 single 
motor units had made only a very fast component in the twitch. 

The records in Fig. 1 were obtained by the method of recording adopted 
by Buller et al. (1960). The aponeurosis of the muscle, which is inserted into 
the medial border of the tibia, was separated from the underlying apo- 
neurosis of the sartorius muscle and the thread tied around it was con- 
nected to a strain gauge (Fig. 1). Close examination of the gracilis muscle 
during dissection showed that the curved ventral margin of the muscle gave 
rise to a thin sheet of fascia which was inserted into the superficial fascia 
overlying the gastrocnemius muscle. The two insertions of the gracilis were 
most obvious when the knee was flexed. In subsequent experiments the 
main aponeurosis was split longitudinally into three parts and a thread 
was tied to each. A fourth attachment to the muscle was prepared by tying 
a thread around the fascia inserted into the gastrocnemius (Figs. 2 and 3). 
With these four attachments to the muscle it was hoped to distribute more 
evenly the tension applied to the muscle during recording. All threads 
could be attached simultaneously or in various combinations, at approxi- 
mately equal tensions, to the strain gauge. 

With the new method of recording, the form of the twitch of the whole 
_ muscle depended on the part of the muscle from which the twitch was 
recorded. The smoothestrising phases, with no indication of a step, were 
recorded from the middle part of the muscle, B and C in Fig. 2. The very 
fast component was most conspicuous at the curved ventral border 
(Fig. 2D), i.e. when recording from the fascia which inserts into the gastro- 
cnemius. There was also a smaller very fast component at the dorsal 
curved border of the muscle, Fig. 2.4. The presence of the two parts of the 
twitch are most 7 revealed by the differentiated twitch records in 
Fig. 2. 

The twitch was alnout free from any initial step if the contracting fibres 
of single motor units were in the dorsal (rostral) half of the muscle; the 
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contraction was maximal at about 20-25 msec (Fig. 3A, B). When the 
active muscle fibres of a single motor unit were in the ventral (caudal) part 
_ of the muscle, a pronounced step at 8-10 msec was often present in the 
twitches (Fig. 3G). The contraction of a motor unit in the dorsal part of the 
muscle usually developed only a very small tension when it was recorded 
from the opposite edge of the muscle and vice versa; compare A and B 
with C and D, and G and H with EF and F in Fig. 3. The step in the twitch, 


B D 

LAL 

10 msec B 


Fig. 2. Isometric twitches of the gracilis muscle recorded on stimulation of part of . 
the L6 ventral root. The twitches were recorded from each of the four attachments 
in turn, A being the rostral edge of the muscle and D the caudal. The diagram 
illustrates the method of recording from the muscle. Differentiation of the twitches, 
in the lower records, illustrates the existence of two components at the outer leads. 


Fig. 3. Isometric twitches in 2 motor units from the gracilis muscle, recorded at 
each of the 4 leads from the muscle in turn (see diagram). The tension scales all 
indicate 10 g. The motor unit in A—D was at the rostral side of the muscle, and the 
unit in H—H was on the caudal edge. The tetanus: twitch ratios from A—H were 
respectively 5-4, 4:3, 7, 9, 7-4, 6-5, 4-2 and 4-3. 


uscle 


M 


when present, was always most obvious in the part of the muscle which 
contained the active fibres as determined both by visual observation — 
during the twitch ‘and by the tendinous slip which gave the maximal 
tension. The maximal tensions for the two motor units in Fig. 3 were 18-5 
and 16:1 g and were developed at leads 2 and 3 respectively. Visual inspec- 
tion confirmed that the active fibres were in the dorsal part of the muscle 
for the upper unit and in the ventral part of the muscle for the lower unit. 
Although none of the 9 units was exclusively very-rapidly-contracting, 
some units had a large first component which was accentuated at low 
resting tensions. 
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The very fast component of the gracilis twitch was not, therefore, due to 
muscle fibres separately innervated by very-rapidly-conducting « motor 
axons, It was strongly influenced by the resting tension of the muscle and 
was most conspicuous when the contraction was recorded at the margins 
of the muscle where there is the greatest difficulty in obtaining uniform 
tension in the muscle fibres. These results suggested that the very. fast 
component of the gracilis twitch was due not to the existence of special 
types of very fast muscle fibres, but rather to the non-uniform conditions 
in recording the contraction. In order to see if the very fast component 
could be produced in other fast skeletal muscles, an experiment was done 
with the plantaris and lateral gastrocnemius muscles. ‘These were chosen 


10 msec 


Fig. 4. Isometric twitches in lateral gastrocnemius muscle, recorded under low 
resting tension, to stimulation of the L7 ventral root. In A the plantaris muscle, 
although not attached to the strain gauge, also contracted. In B the only contrac- 
tion was in lateral gastrocnemius after section of the nerve to plantaris muscle. 
A very fast component is present in both A and B. 


since they are closely united proximally and thus mimicked to some extent 
the conditions found in the gracilis muscle. The tensions on the two muscles 
could be changed independently, thus allowing the effect of unequal ten- 
sion in the muscle mass to be analysed. A distinct very fast component, 
about 20% of the peak amplitude of the twitch, was present when either 
the lateral gastrocnemius (Fig. 4A) or the plantaris muscle was under low 
resting tension. The step which marked off the very fast component at low 
tensions was still distinguishable as a small difference in slope at the start 
of the twitch at intermediate tensions. It was not detectable at higher 
Testing tensions. This agrees with the results from the gracilis muscle in 
showing that the step arises in that part of the muscle under greatest 
tension but that it is conspicuous only when the muscle is at low resting 
tension. When the nerve to the plantaris was cut, so that only the lateral 
gastrocnemius contracted on stimulation of the L7 ventral root, the initial 
step was at least as prominent as before (Fig. 4B). 
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DISCUSSION 


The conclusion to be drawn from the present results is that the very fast 
component in the twitch is not peculiar to the gracilis muscle, although it 
may be particularly large in it under some conditions. The phenomenon is 
unlikely to have any physiological significance, since it has its origin in the 
method of recording and is most prominent in the flaccid muscle. It 
probably arises because the gracilis muscle is not uniform and different 
series compliances may exist. This may be expressed as a small part in the 
middle having a small series compliance compared to that of the mass of 
the muscle which lies on either side. Hill (1951) has demonstrated that an 


_ increase in the series compliance increased the contraction time (time to 


peak) in frog muscle. If it is assumed that this is applicable to mammalian 
muscle, it seems possible that the compound gracilis contraction is derived 
initially from those fibres with extremely small series compliance and the 
later part of the contraction originates from muscle fibres with a large 
series compliance in the recording system. This mechanism could account 
for the presence of an apparently very fast contracting component in the 
twitch when, in fact, all the muscle fibres had similar contraction times. 


SUMMARY 


1. The apparent double isometric twitch of the gracilis muscle was 
analysed by recording (a) from the whole muscle while stimulating the 
ventral roots and (b) from single motor units prepared by stimulating 
filaments dissected from the ventral roots. | 

2. The shape of the twitch depended on the method of recording and 
could also be varied by altering the resting tension on the muscle. The very 
fast component was most conspicuous and relatively largest at low 
tensions. 

3. No motor units were found with a pure very fast. contraction and a 
very quick component in the twitch was most evident in motor units at 
either edge of the muscle, particularly the caudal edge. 

4. The very fast component, when present in motor units, was 


_ largest in those parts of the muscle where the tetanus: twitch ratio was 


least. 

5. A double twitch could also be Eraaant with both the plantaris and 
gastrocnemius muscles. 

6. It was concluded that there were no separately organized very- 
rapidly-contracting muscle fibres in gracilis muscle. 
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THE EFFECT OF CALCIUM AND MAGNESIUM ON THE 
SPONTANEOUS RELEASE OF TRANSMITTER FROM 
MAMMALIAN MOTOR NERVE ENDINGS 
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In both amphibia and mammals the amount of transmitter released at — 
the neuromuscular junction by a nerve impulse varies directly with the 
calcium concentration and inversely with the magnesium concentration 
in the surrounding medium (del Castillo & Stark, 1952; del Castillo & 
Engbaek, 1954; Boyd & Martin, 19566). It might be expected therefore 
that changes in the concentration of these ions might affect in the same 
manner the spontaneous release of transmitter that is detected post- 
synaptically as miniature end-plate potentials (m.e.p.p.s). Previous 
investigations have shown that in mammalian preparations calcium ions 
do influence the m.e.p.p. frequency (Boyd & Martin, 1956a; Liley, 19564), 
but in amphibian preparations no consistent effect has been detected 
(Fatt & Katz, 1952). Magnesium ions have not hitherto been found to 
change m.e.p.p. frequency in amphibia or mammals (del Castillo & Katz, 
1954a; Boyd & Martin, 1956a). | 

The results of the present investigation differ from those of previous 
studies in that both calcium and magnesium have been found to affect 4 
m.e.p.p. frequency. This action is, however, exerted on only a fraction — mm 
of the spontaneous reléase of transmitter, the remaining fraction being | 
unaffected by the absence of calcium or the presence of magnesium in 
high concentration. 


METHODS 


All experiments were performed in vitro, with the rat d phrenic-nerve preparation 
(Bilbring, 1946). The animals were male and female albinos of the Wistar strain weighing 
between 180 and 220 g. The method of dissection, the divided recording chamber and the 
mounting. of the preparation have been previously described (Liley, 1956a). The phrenic 
nerve was immersed in paraffin oil, whereas the strip of diaphragm muscle was irrigated 
with a solution similar to that described by Liley (1956a). Its composition was (mM): | 
NaCl 137-0, KCl 5-0, CaCl, 2-0, MgCl, 1-0, NaH,PO, 1-0, NaHCO, 12-0, Glucose 11-0. The 
experimental solutions resembled this solution except for the omissions or additions of the 
ion species under test. When the calcium concentration of the fluid was raised above 10mm 
it was necessary to omit the NaH,PO, and to reduce the NaHCO, concentration in order to 
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keep the calcium in solution, Additions of MgCl, and CaCl, were osmotically compensated 
for by withdrawal of appropriate amounts of NaCl (Heilbrunn, 1952). Compensation was 
made for added KCl by removal of equimolar amounts of NaCl. 

All solutions were bubbled with 95% O, and 5% CO, in a reservoir and then passed, 
through a drip counter and heating coils in the water-bath, to the muscle chamber. A fine. 
pointed glass sucker connected to a Venturi pump drew the fluid across the preparation into 
a collecting flask. At the usual rate of flow (250-500 ml./hr) the temperature in the muscle 
chamber was 37—38° C. A thermometer in a side compartment of the chamber measured 
the temperature in all experiments. When higher rates of flow were used to produce rapid 
changes of the bathing solution, the fluid in the reservoir was heated to about 40° C. Tem- 
peratures between 30 and 40° C could be maintained accurately to within 0-5° C by variation 
of the temperature of the water-bath and of the reservoir of solution. 

The pH of the solution, normally 7-:3—7-4 at 37° C, was altered in some hints by 
variation in the amount of added NaHCO,. In three experiments an alkaline pH was re- 
quired outside the range of a bicarbonate—CO, buffer. Tris (hydroxymethyl) aminomethane 
was used to give a final pH of 8-6 at 37° C. To keep 10 mm-CaCl, from precipitating at this 
pH it was necessary to omit both the NaHCO, and NaH,PO, from the solution. When pH 
alterations were made, the final pH of the solution, bubbled with ‘Carbogen’ at 37° C, was 
measured with a pH electrometer. 

Recording. M.e.p.p.s were recorded with conventional intracellular recording techniques 
(Ling & Gerard, 1949; Nastuk & Hodgkin, 1950). The micro-electrodes were filled with 3m- 
KCl and had resistances between 5 and 20 MQ. The method of pulling and filling these 
electrodes has been previously described, as have also the micromanipulators (Eccles, Fatt. 
Landgren & Winsbury, 1954) and electronic recording technique (Brock, Coombs & Eccles, 
1952). The indifferent electrode in all experiments was a silver-silver-chloride spiral con- 
nected to the solution bathing. the preparation by an agar-saline column. 

Experimental procedure. The effect of magnesium was measured by comparing ‘the fre- 
quency of m.e.p.p.s in the same muscle fibre before, during and after treatment with the 
ma taining solution. When measuring the effect of calcium the reverse sequence 
was s employed, i.e. ciiesion with added calcium, solution without calcium, solution with 
added calcium. It was found that the preparation survived for a longer time, and in better 
condition when kept for two-thirds of the experiment in a calcium-containing medium. If 


the solution to be washed out contained 10 mm or more of calcium, the sodium salt of | 


ethylene diamine tetracetic acid (EDTA), a chelating agent, was added to the calcium-free 
solution (in a 1 mm concentration), By this means the removal of calcium was completed in 
under 15 min, which was about half the time required in the absence of EDTA. 

In each preparation the experimental sequence was followed at 8-16 neuromuscular 
junctions. Often several trials were made at each junction. 

M.E.P.P. frequencies were initially measured by photographing successive oscillograph 
traces and counting m.e.p.p.s from film, usually with some form of magnification. Later a 
more convenient method of measurement was devised. After amplification the potentials 
were fed into a dekatron scaler (Isotope Developments Limited) using suitable cut-off bias 
to exclude base-line noise. The model used had a resolution time better than 3 psec, and 
counted random potentials at a frequency of 3000/sec with only a 1 % error. Special care 
was taken to avoid artifacts and keep base-line noise levels low. Frequencies were normally 
counted over 100 sec periods, but in solutions in which the potassium concentration was 
10 mM or more the m.e.p.p. frequency in the presence of calcium was so high that 40 sec or 
even 10 sec counting periods gave satisfactory results.. It was possible by this method to 
assess accurately when changes in frequency were fully established. A further advantage 
was that results were immediately available. In some experiments a photographic record 


was also made of the m.e.p.p.s. The results were in good agreement with those obtained with 3 


the scaler. 
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: RESULTS 

During the present investigation it was noticed that m.e.p.p.s could be 
recorded from muscle fibres bathed in ‘calcium-free’ solutions for more than 
Shr. In further experiments with calcium-free solutions m.e.p.p. fre- 
quencies at individual junctions were stable for up to half an hour, even in 
the presence of a chelating agent (EDTA) in concentrations up to 5 mm. 
Even when the calcium-free solutions contained 15 mm-MgCl,, m.e.p.p.s 
were still recorded at frequencies within the normal range. This continuing 
release of transmitter, unaffected by wide variations in calcium and mag- 
nesium concentration, will be termed the fixed fraction of the spontaneous 
release. Upon this fixed fraction could be superimposed a fraction whose 
size is dependent on the concentrations of calcium and magnesium. 


Effect of calcium 7 

The effect of caleium-containing solutions on m.e.p.p. frequency was 
an increase in frequency from the basal level in the absence of calcium. 
Over the range of calcium concentrations explored (0-20-10 mm), the in- | 
crease in m.e.p.p. frequency was linearly proportional to the logarithm of 
the bathing calcium concentration (Fig. 1). The increase in frequency was 
fully developed within 4-8 min of changing solutions. There was con- 
siderable variation in the time which elapsed before any changes in fre- 
quency occurred, but thereafter the development was so rapid that it was 
complete within 2 min. 

The effect of calcium on m.e.p.p. frequency was explored in the presence 
of 0, land 2 mm-MgCl,. It was found that in each case a linear relation- 
ship existed between the logarithm of the bathing calcium concentration 
and the increase in m.e.p.p. The effect of any given calcium concentration 
was, however, reduced by about 20 % for each 1 mm increase in magnesium | 
concentration (Fig. 1). 

Effect of magnesium | 

In Table 1 the results of nine experiments on one preparation are sum- 
marized. They show that a magnesium concentration of 3 mm depressed 
the frequency of the spontaneous discharge of potentials by about 40%. 

It will be noticed that the m.e.p.p. frequency was not always the same 
before and after the period of immersion in 3 mm-MgCl,. In order to take 
account of this a linear change in frequency with time has been assumed, 
and the average of the final and initial frequencies was compared with the 
frequency in the test solution (Column 5). A range from 1-0 to 15 mm- 
MgCl, was explored in this way in the presence of 2 mm-CaCl,. The results 
(lowest line of Fig. 2) show that the depression was fully developed at 
3 mM. 
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When the preparations were in solutions containing magnesium at ] 
10 mm or higher concentrations, neuromuscular transmission was blocked { I 


and end-plate potentials were recorded in response to stimulation of the 
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Fig. 1. Influence of calcium concentration upon m.e.p.p. frequency. 


Ordinate. Ratio of frequency of m.e.p.p.s in calcium-containing solution to 
frequency in solution without calcium. Abscissa. Calcium concentration. Upper 
points obtained in absence of MgCl,, middle in 1 mm-MgCl,, lower in 2 mm-MgCl,. 
Bars indicate +1s.z. of mean ratio of frequencies. 


TaBLE 1. Effect of Mg on frequency of m.e.p.p.s 

Measurements were made in solution with no added MgCl, (A) and in solution , 
containing 3mm-MgCl, (B). CaCl, 2mm was present throughout. Frequency ratio is | 
calculated from the arithmetic mean of the two A values. 


Discharge rates (per second) Frequency 
A ratio 
Junction. A B B/A 

1 3°68 1-89 2-64 0-599 
2 1-04 1-02 2-39 0-591 

3 2-13 1-76 2-46 0-764 
4 1-78 1-36 1-80 0-760 ' 
5 10-94 4-40 2-47 0-655 

6 6-38 4-54 7°55 0-651 
7 4-32 2-55 4-50 - 0-577 
8 3-25 1-18 2-62 0-402 : | 

9 7:88 5-69 7:93 0-719 
Mean and 0°64 + 0-04 
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phrenic nerve, even though the depression of m.e.p.p. frequency was then 
not greater than at lower concentrations of magnesium. 
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mM-Mg 
Fig. 2. Influence of magnesium concentration upon m.e.p.p. frequency. 
Ordinate. M.e.p.p. frequency as a percentage of frequency in a solution without 
magnesium. Abscissa. Magnesium concentration. Upper points obtained in 
absence of CaCl,, middle in 1 mm-CaCl,, lower in 2mm-CaCl,. Bars indicate 
’ +18.8. of mean depression. Figures under points give number of junctions explored. 


The reduction of frequency appeared within 2 min of changing solutions. 
The effect of temperature on the depression was investigated by repeating 
the experiments at 31-5-32° C. Over a range of magnesium concentrations 
from 1 to 10 mm the mean depressions of frequency found were within one 
standard error of the mean depressions found at 37-37°5° C. Similarly, 
when the effect of 10 mm-MgCl, was examined at pH 6-8 (bicarbonate 


buffer) and at pH 8-6 (Tris buffer), the mean results were almost identical 
with those at pH 7:4. 


Interaction of calcium and magnesium 


The results of the present investigation suggest that the action of mag- 
nesium was exerted solely by a reduction of the accelerating effect of 
calcium on m.e.p.p. frequency, as shown in Fig. 1. This would imply that 
magnesium should be without effect on m.e.p.p. frequency in the absence 
of calcium. Figure 2 shows that when the calcium concentration of the 
control and test solutions was reduced to 1 mm the effect of magnesium 
was greatly reduced over the whole concentration range (1-15 mm). 
More significantly, repetition of these experiments in the calcium-free 
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solutions showed that magnesium was indeed now without effect in all but 
the highest concentrations (uppermost curve of Fig. 2). The magnesium 
depression of frequency should thus be counteracted either by an absence of 


8 


M.e.p.p. frequency (% control) 


mM-Ca 
Fig. 3. Influence of calcium concentration on the depression of m.e.p.p. frequency 
by 3 mm-Mg. 


Ordinate. M.e.p.p. frequency as percentage of frequency in a solution without 
magnesium. Abscissa. Calcium concentration. Bars indicate +1 of mean 
depression. 


calcium or by sufficient excess of calcium to overcome the action of mag- 
-nesium. This point was tested by exploring the depression of m.e.p.p. 
frequency by 3 mm-Mg(Cl, in the presence of 0-15 mm-CaCl, (Fig. 3). As 
would be expected from the preceding results, the magnesium depression 
of frequency was, in fact, at a maximum close to 2 mM calcium. 


Effect of depolarization of nerve terminals | 

The interaction of calcium and, magnesium described in the preceding 
section is of the same type as that suggested by del Castillo & Katz (1956) 
for the action of these ions on transmitter release by depolarization of 
nerve terminals. This would suggest that the fraction of the spontaneous 
transmitter release that is affected by calcium and magnesium might be 
increased by depolarizing the endings. Raising the potassium concentra- 
tion of the external medium and thus producing a stable depolarization 
of nerve terminals (Liley, 1956c) was a, convenient way of testing this 
suggestion. The interaction of potassium and magnesium was explored by 
examining the effect of 3mm-MgCl, on the m.e.p.p. frequency in the 
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presence of 1-20 mm-KCl (Fig. 4). Potassium would be expected to de- 
polarize the nerve terminals appreciably only at concentrations of 10 mm 
or above (Liley, 1956c) and correspondingly there was statistically no 


| N | 


M.e.p.p. frequency (% control) 


15 20 
mM-K 
Fig. 4. Influence of potassium concentration on the depression of m.e.p.p. fre- 
quency by 3 mm-Mg. 
_ Ordinate. M.e.p.p. frequency as percentage of frequency in solution without 
‘Magnesium, Abscissa. Potassium concentration. Bars indicate +1 s.£. of mean 
depression. 


significant difference between the depressions of frequency in 0 and 5 mm- ° 
KCl. The depressions of m.e.p.p. frequency produced by magnesium in 
the presence of 10, 15 and 20 mm-KCl were progressively much larger than 
the depression in the presence of 5 mm-KCl, suggesting that the action of 
magnesium was indeed dependent on the level of depolarization of the 
nerve terminals. 

The accelerating action of calcium on m.e.p.p. frequency on this hypo- 
thesis should also be demonstrable in the presence of increased concen- 
trations of potassium. To test this possibility the interaction of calcium 
and potassium was then explored in a slightly different way. Throughout 
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a series of experiments the potassium concentration was kept constant at 
20 mm, and the effects of 2, 5 and 10 mm-CaCl, were compared with the 
effects of a solution containing no calcium but 1 mm EDTA. In six experi- 
ments of this type there was no doubt that in the absence of calcium the 
effect of potassium on m.e.p.p. frequericy was greatly reduced. When 
calcium was introduced the acceleration of frequency was rapid and 
usually completed within 2-4 min of changing solutions (Table 2). But 
the mean frequency in 2 mm-CaCl, (1107+ 102) was not significantly 
different from the mean frequency in 5 mm-CaCl, (1058+46 for 10 
measurements) or in 10 mm-CaCl, (1123+ 115 for 11 measurements). 

TaBLE 2. Effect of Ca on frequency of m.e.p.p.s in presence of 20 mm-KCl. Measurements 


were made in solution with no added CaCl, but containing 1 mm EDTA (A) and in solution 
containing 2 mm-CaCl, (B). MgCl, 1 mm was present throughout 


Discharge rates (per second) 
Junction: A B 
eS 3-60 1426-7 2-54 
2 9-39 457-9 oo 
3 5-70 1206-6 7°5 
4 9-09. 1308-8 5-7 
5 3-99 1205-75 4-61 
6 3°31 1275-4 4-1 
7 8-11 1069-8 3°45 
7-12 904-5 2-66 
Mean and s.£. in 2 mm- 1107 + 102 - 
CaCl, (B) 


The possibility was then considered that the increase in m.e.p.p. fre- 


quency produced by 20 mm-KCl was so large that an effect of calcium con-— 


centration on frequency would be masked. The experiments were therefore 
repeated with 10 mm-KCl, by both paired and randomized methods, with 
the same negative result. It is clear that variations in the calcium con- 
centration over the range effective in the presence of 5 mm-KCl (Fig. 1) 
do not accelerate the m.e.p.p. frequency when the potassium concentra- 
tion is raised to 10 or 20-mm. As the presence of some calcium is essential 
for the augmentation of spontaneous activity by potassium (Table 2) a 


dependence of m.e.p.p. frequency on calcium concentration might, under | 


these circumstances, perhaps be found in a lower range. 


| Effect of osmotic pressure 
.Furshpan (1956) has shown that the m.e.p.p. frequency at the frog 
neuromuscular junction is very sensitive to changes in osmotic pressure 
and that this sensitivity is not affected by the presence of magnesium. In 
the present investigation an osmotic pressure difference between control 
and test solutions of up to 5% affected neither the m.e.p.p. frequency nor 
the depression of the. m.e.p.p. frequency by magnesium, Some experi- 
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ments were done with solutions made hyperosmotic by adding 10 mm- 
MgCl, without any withdrawal of NaCl in compensation (CaCl, was 2mm 
in all solutions). When these solutions were compared with solutions with- 
out MgCl,, there was a balance of two effects, the mean result at 37° C 
(10 mm—0 mm Mg(Cl,) being 0-98 (s.x. 0-11) for 12 measurements, i.e. there 
was neither an acceleration due to a 9% hyperosmotic solution nor a 
depression by the magnesium. Five experiments were done with mag- 
nesium in 9%, hypo-osmotic solution. Here the effects of the two agents 
were additive, again indicating their independence. 


DISCUSSION 

The acceleration of m.e.p.p. frequency by calcium (Fig. 1) is of the same 
order as that described by Boyd & Martin (1956a) and Liley (1956d), 
and likewise there was great variability in the magnitude of the accelera- 
tion at different junctions with higher calcium concentrations. Magnesium 
and calcium both penetrate cell membranes slowly (Engbaek, 1952; 
Hodgkin & Keynes, 1957; Gilbert, 1960). The rapid actions on m.e.p.p. 
frequency described here are thus probably exerted at surface sites in the 
nerve membrane. The reciprocal relationships that have been demon- 
strated for the concentrations of magnesium and calcium on m.e.p.p. 
frequency (Figs. 1, 2, 3) suggest that both ions act at the same site. 

As this action is affected by a potassium-induced depolarization of nerve 
terminals (Fig. 4) it is likely that the mechanism of transmitter release — 
studied in the present investigation is the same as the voltage-dependent, 
calcium—magnesium sensitive mechanism proposed by del Castillo & Katz 
(1956) and Liley (1956c) to explain release of transmitter by nerve impulses. 
Thus, in this preparation the membrane potential must be at a level 
allowing limited activity of this mechanism. Hyperpolarization of the 
nerve terminals would then be expected to reduce this activity and thereby 
to reduce m.e.p.p. frequency, as Liley (1956c) has indeed found. » 

It appears likely that the depressive effect of magnesium on m.e.p.p. 
frequency described here, was not found by Boyd & Martin (1956a) in the 
cat tenuissimus muscle, because they compared the effect of a solution 
containing 1-15 mm-MgCl, with one containing 9-37 mm, both being in the 
presence of 2-46 mm-CaCl,. The results of the present investigation (Fig. 2) 
indicate that there would be only a 10% increase in depression in the 
higher magnesium concentration. Such a small difference would be diffi- 
cult to detect if only a small number of junctions were examined. In fact, 
when solutions containing 1 mm-Mg and 10 mm-MgCl, were compared (in 
the presence of 2 mm-CaCl,) in the present investigation, no frequency 
change was found. (Mean ratio of frequencies at sixteen junctions 10 mmM— 
1 mM-MgCl, was 1-00, + 0-10.) 
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The absence of any effect of magnesium on m.e.p.p. frequency in the frog 
(del Castillo & Katz, 1954a) cannot be explained in the same way. In these 
experiments the effect of solutions containing no magnesium and 16-2 mm- 
MgCl, were compared. In the present investigation such a change in con- 
centration would have reduced m.e.p.p. frequency at least 45% (Fig. 2). 
This difference may indicate that in amphibia the level of the membrane 
potential of nerve endings is such that activity of the voltage and calcium- 
magnesium sensitive system is not demonstrable. If this were so, the 
negligible reduction of m.e.p.p. frequency obtained when nerve terminals 
are hyperpolarized in frog nerve-muscle preparations would also be 
explained (del Castillo & Katz, 1954b; Kraatz & Trautwein, 1957). A 
further question raised by this species difference is whether the difference 
is physiological or merely a reflexion of a greater difficulty of maintaining 
rat diaphragm preparations in good condition. Similar effects on m.e.p.p. 
frequency, with caicium at least, have been obtained in the cat tenuissimus 
preparation (Boyd & Martin, 1956a); therefore this criticism cannot be 
confined to the rat diaphragm. In this connexion it might be expected 
that, during the course of experiments, as the preparation aged the effect 
~ of magnesium would be progressively increased. There was, however, no 
consistent trend of this kind when results from the first and last two 
junctions in many experiments were compared. Thus, if there was a 
depolarization of nerve terminals it did not increase pease during the 
experiments. 

The interaction of osmotic pressure and magnesium in the present in- 
vestigation indicated that these agents affected m.e.p.p. frequency by 
different mechanisms. In the terms used previously, osmotic pressure 
increases the fixed fraction, while magnesium affects the voltage and 
calcium-sensitive fraction. Post-activation potentiation and stretching of 
the preparation, which increase m.e.p.p. frequency despite concomitant 
_ high magnesium concentrations (Liley, 1956; Hutter & Trautwein, 1956), 
must also act independently of the release mechanism studied in this 
investigation. | 

_ SUMMARY 

1. Intracellular recording from neuromuscular junctions in isolated 
preparations of rat diaphragm has revealed that miniature end-plate- 
potential frequency is accelerated by calcium and depressed by magnesium. 
This action appears to be exerted at surface sites in the presynaptic 
membrane. The action of magnesium is explained as a Supsetessane with 
calcium. 

2. Miniature end-plate potentials can still be recorded in the saws 
of calcium or the presence of high concentrations of magnesium. 

3. The mechanism of the fraction of spontaneous transmitter release 
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which is affected by calcium arid magnesium is thought to be the same as 
that activated by nerve impulses. 


The author wishes to acknowledge the constant encouragement and helpful criticism of 
Professor J. C. Eccles during the course of this investigation. | 
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THE HEAT PRODUCED BY A MUSCLE AFTER 
THE LAST SHOCK OF A TETANUS 


By A. V. HILL 
From the Department of Physiology, University College ng 


(Received 7 July 1961)’ 


In his last published paper (1933) on the heat production of muscle, 
before he turned over to calculations in mathematical physics (see Hill 
1943), W. Hartree gave two figures (his Figs. 3 and 4) which showed the 
rate of heat production during and after contractions at 0 and 17°C 
respectively. These are reproduced here as Fig. 1 with minor changes, as 
an introduction to the present paper. At 0° C the stimulus was of 0-6 sec, 
the heat after the last shock was 0-430 of the whole initial heat, and it had 
ended by the time the tension had fallen to zero. At 17° C the stimulus 
was of 0-3 sec, the heat after the last shock was 0:354 of the whole, and it 
continued for a long time after the muscle had relaxed. Hartree did not 
report the absolute amounts of heat, but in frog sartorii in good condition 
the total initial heat could not have been far from: in 0-6 sec tetanus at 
0° C, 7-5 meal/g muscle; in 0-3 sec tetanus at 17°C, 15 mcal/g muscle. 
The heat therefore athe the last shock must have been, at 0° C about 
3-2 meal/g, at 17° C about 5-3 mcal/g. 

Hartree’s instruments by 1933 had been considerably improved and 
should have been quick enough to give a reasonably accurate analysis of 
the heat production at 17° C; for 0° C they were certainly adequate. Two 
questions arise from a comparison of his results at the two temperatures: 
(1) why did the heat production continue so long at 17 ° C after the tension 
had fallen to zero, whereas at 0°C it had ended when relaxation was 
complete? (2) why was the heat produced after the last shock so much 
greater at 17° C than at 0° C? 

The apparent result at 17° C, that the heat sihinaiat after the muscles 
had relaxed, had been found before by Hartree & Hill (1928, see Fig. 2) 
and particularly by Hartree (1932), though the methods then used were 
not so good as in 1933. The continuing heat production after the muscle 
had relaxed had nothing to do with the ordinary recovery heat, which 
starts gradually and a second or two later, except after long stimuli when 
it can merge into the initial heat. Could it be a sign of the Lohmann 
reaction, ADP+CrP +> ATP+Cr, in which ATP is re-formed with the 
_ aid of free energy provided by the splitting of phosphocreatine? Un- 
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, fortunately the heat produced in this reaction in living frog muscle at 
normal pH is not accurately known, but it is probably positive. If the 
reaction occurred during contraction, or in the interval between the last 
shock of a tetanus and the disappearance of tension, there would be no 
way of separating its heat from that of other processes going on at the 


Rate of heat production 
> 


Rate of heat production 


04 06 0-8 
Z Time after start of stimulus (sec) 


_ Fig. 1. Rate of heat production during and after isometric contractions of frog 
sartorii. A, 0-6 sec stimulus at 0° C, heat analysed in 0-1 sec units; a tension. — 
B, 0-3 sec stimulus at 17° C, heat analysed in 0-05 sec units; b tension. Abscissae, 
time from start of stimulus; ends of stimuli shown by arrows. The interrupted 
line in A gives the estimated rate of the heat of activation after the last shock. 
\ Modified from Hartree (1933, Figs. 3 and 4). 


same time. If, however, it continued after the muscle had relaxed but 
before the normal recovery heat began, its heat should be distinguishable. 
Any evidence which could help to clear up the current acute uncertainty 
about the chemistry of contraction in living muscle would be valuable, 
\ and the present investigation was started with that purpose in mind. 
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Attention was concentrated experimentally on the heat produced after 


the last shock of a tetanus, at 0° C and at room temperature: but at room 
temperature the records were usually continued until the recovery heat 
began to appear. At 0°C the heat production never lasted beyond the 
end of relaxation; and the heat produced after the last shock was usually 
not more than about 3-5 mcal/g. At room temperature, however, the 
results were very variable. In toad muscles, which in every respect except 
speed are similar to frog muscles, the heat after the last shock was seldom 
much prolonged and never very large. In a special series of five experi- 
ments with toad sartorii at room temperature three showed no heat pro- 
duction at all after the tension had fallen to zero, and the heat after the 
last shock averaged 3-6 mcal/g: in one only did any significant heat appear 
after relaxation was complete. In several experiments with frog sartorii 
the heat production did not continue long after the tension had fallen to 
zero, and the total amount of heat after the last shock was not very large. 
In others, however, the heat production apparently continued for a second 
or more after relaxation was complete and the total amount of it after 
the last. shock was excessive, up to 9 mcal/g. 

With all this variation between individual muscles, and the fact that i in 
slower muscles (toads’, or any muscles at 0° C) the effect was smaller or 
absent, it was impossible to draw any firm conclusion about, chemical 
processes following contraction. Rather one had to examine the experi- 
ments and material critically, to see if any technical cause could explain 
the variation. The older thermopiles (1932 and earlier) were not nearly so 
flat as those in use now; and in a paper on the initial heat production of 

- muscle Hartree (1931) suggested that ‘when the muscle tightens (during 
isometric contraction) the thermal conductivity between it and the thermo- 
pile may be different from that when taking controls. Any depressions on 
the face of the thermopile would tend to be bridged over by the muscle as 
the tension rises’. If a layer of fluid of average thickness (say) 0-1 mm 


were to lie between the muscle and the thermopile, it would greatly hinder _ 


thermal conduction from the one to the other. The consequence of this 
_ would be that heat which was really produced during contraction would 
appear to be produced later. With the very flat thermopiles now employed 
this could hardly be expected to happen, unless exceptionally and owing 
to some special cause. But the same effect could result from an uneven 
distribution of the heat produced during contraction. If the rise of 
temperature in a region of the muscle distant from the thermopile were 


greater than the average, the final rise of temperature at the thermopile _ 


would be correspondingly delayed. 
The possibility, therefore, of the actual occurrence of a non-uniform 
production of heat in a contracting muscle had to be tested experimentally. 
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This could be done by comparing pairs of records of the heat production 
made with a single muscle mounted (a) in the usual way on a thermopile, 
i.e. with the epimysium side inwards and (5) the other way round, with 
the body side inwards. If a difference was found between the two records 
of a pair this could only be due to the muscle producing heat unequally 
in its opposite halves: for both sides should make an equally good thermal 
contact with a thermopile. In some experiments the two records were 
nearly alike, but in others they differed substantially. 

It was clear, therefore, that heat can in fact be produced non-uniformly 
during contraction; so a mathematical and numerical investigation was 
undertaken to find out whether such irregularities could explain. the 
anomalies observed. It was possible to show, on easily admissible assump- 
tions of the distribution of the heat produced during contraction, that 
they could. The calculations proved, moreover, that in the case of the 
much slower heat production of muscles stimulated at 0° C similar ano- 
malies would not be evident even if massive irregularities of distribution 
occurred: they showed also that in the slower muscles of toads the 
anomalies would be smaller and less obvious than in the faster muscles 
of frogs. This curious result is really determined by the ratio of the rate 
of heat production during contraction to the rate of heat conduction. 
The former varies with temperature or with species of animal, the latter 
is practically constant. 

All this led to a closer consideration of the nature and magnitude of 
the ‘relaxation heat’ after an isometric contraction. For many years the 


_ ‘hump’ in the relaxation heat (see Fig. 1A, above) was attributed to the 


degradation into heat of the elastic energy developed during contraction. 
Recently, however, it became apparent that the elastic energy was not 


_ large enough to account for the whole of the heat in the ‘relaxation hump’ ; 


and at about the same time it was realized that the release of tension by 
itself causes a substantial production of heat (the ‘thermoelastic’ heat). 
The elastic energy and the thermoelastic heat together could provide 
about 2 meal/g, which was enough to explain the ‘relaxation hump’. But 
the heat produced after the last shock of a tetanus, when the distribution 
of heat had been uniform, was about twice this amount, so a further | 
2 meal/g had to be looked for. This led to a consideration of the amount 
of ‘activation’ (or ‘maintenance’) heat still remaining to be produced 
following the last shock: and two independent methods of estimating it 
led to the conclusion that it could provide about the amount required. 


| METHODS | 

The muscles used were a pair of sartorii, either of frog (Rana temporaria) or of toad 
(Bufo bufo). They were mounted on thermopile D,, shown in Fig. 1 of a paper by Abbott, 
Aubert & Hill (1951). In nearly all respects experimental details were the same as those 
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described in a recent paper (Hill, 1961). Care was taken that contractions should be as 
isometric as possible; to this end a strong cross-bar was fixed between the side arms of the 
thermopile frame, and to this the threads for the tibial tendons could be firmly tied. In 
eight special experiments records of tension were required as well as of heat. Then thermo. 
pile D, was used, and the muscles were joined by a. wire to a transducer valve (RCA 5734). 
Each thermopile had a half thickness equivalent to about 17 » of muscle; together with the 
epimysium and adhering fluid this gave an estimated value of 22-4 y for the constant b (see 
Hill, 1949c). This‘was used in computing the factors required for the analysis of the heat 
production (Hill, 19494, c). The average thickness of each pair of muscles used was between 
550 and 750 p. 

It was important in these experiments to maintain the muscles in as constant a condition 
as possible, and for most of the time they were kept immersed in Ringer’s solution in the 
thermopile chamber. In order to run the solution in and out with a minimum of thermal 
disturbance, the arrangement described by Hill & Howarth (1957, p. 22) was employed. 
The usual procedure was to withdraw the solution about 5 min before a record of the heat 
production was to be made: it was replaced automatically by moist oxygen at the same 
temperature. Then after the muscle had been stimulated and the heat recorded the solution 
was run in again and left with oxygen bubbling through until about 5 min before the next 
record. 

It was essential to the purpose of the experiments that a clear signal should appear on 
the heat records to mark the moment when the last shock of a tetanic stimulus was applied. 
This was provided by a slight dimming of the beam of the cathode-ray tube from the 
moment when the stimulating current was short-circuited. Stimulation was effected by 
a series of rapid condenser discharges provided by a Carpenter relay. This was operated by 
an Attree stimulator (Attree, 1950) locked to a frequency corresponding to 1, 2, 3, 4 or 
5 cycles of the power mains (50 c/s). This stimulator also provided the time spots on the 
trace. 

The amount of heat produced was generally so large that considerable negative feed- 
back could be applied to the galvanometer. This made it very rapid, and usually there was 
no need of any allowance for delay in its deflexion. The allowance for heat loss was applied 
by using the exponential time constant obtained from a record of artificial (electrical) 


heating. The heating was by an alternating current of 50 kc/s, a frequency high enough not to 


stimulate, so the ‘heating controls’ could be made at any appropriate time on the living 
muscle. 

The analysis, providing the allowance for time lag in the conduction of heat into the 
thermopile, was continued until the analysed result became constant, before the ordinary 
recovery heat production began. 

In a few experiments heat records were made with the muscles in nitrogen as well as in 
oxygen, but no significant difference was found. 


RESULTS 
The heat produced after the last shock of a tetanus 


The results at 0° © can be simply stated: they were in fact very like 
Hartree’s, shown in Fig. 1.4 above. In frog sartorii the heat production 
ended in about 1-2 sec (after the last shock), i.e. the time required for the 
tension to fall to zero: it was about 3-0 meal/g. In toad sartorii the heat 
_ production ended within 2-0 sec, by which time relaxation was complete: 
in four experiments, with 3 or 4 sec tetani, the amount after the last 


shock averaged 2-9 mcal ig. These Ee, as will be shown below, can 
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be fully accounted for in terms of elastic energy, thermoelastic heat and 


the residue of maintenance, or activation, heat. 


At room temperature the results with toad muscles were as follows. 
In five consecutive experiments with rather small muscles at 16-6° C, with 
tension recorded as well as heat, three gave no heat at all after the tension 
had fallen to zero; one gave 0-1 mcal/g, the fifth 0-9 mcal/g, with a total 
after the last shock of 5-1 mcal/g. The last experiment is considered below 
in connexion with Fig. 7, where it is shown that the whole of the excess 
heat can be attributed to a small uneven distribution during contraction. 
In an earlier experiment with larger toad muscles at 20° C the following 
results were obtained. These muscles were remarkably good, constant 
results being obtained over many hours. With stimuli ending at 0-2, 0-4, 
0:76, 1-6 and 3-2 sec, the heat produced after the last shock, up to the 
moment (0-29 sec later) at which, at 20° C, the tension should have fallen 
to zero, was 4-2, 4-4, 4-3, 3-8 and 4-1 mcal/g, respectively, mean 4-15 mcal/g. 
After that, in the next 1 sec or so, a small amount of extra heat appeared, 
0-8, 0-9, 1-2, 0-9 and 0-9 mcal/g. It will be shown below (p. 533) that the 
whole of the extra delayed heat can be attributed to a small uneven 
distribution. 

The three experiments with toad muscles referred to above, in which 
the heat production had ceased by the time the tension had fallen to zero, 
agreed well with one another; and the muscles were certainly very good, 


because the values of Pl,/M were high, 2690, 2800, 2770, average 2750 


(P = tension developed (g wt.); MZ = mass of muscle (g); 1, = standard 
length (cm)). The heat was analysed in 40 msec time units, and the mean’ 
result is given in Fig. 2, the rate of heat production being shown by 
horizontal bars from 0-12 sec before the last shock (at 0-48 sec) to 0-48 sec 
after it. The mean tension also is given, dropping to zero at about 0-32 sec 
after the last shock. The heat after the last shock was 3-6 mcal/g. The 
results represented in Fig. 2 are considered again below (p. 535) in the 


_ section dealing with the relaxation heat. 


With frog sartorii at room temperature the results were far more 
variable. Rather large muscles were used, in which (as will be shown 
below) the effect of an uneven distribution of the heat produced during 
contraction would be greater. Figure 3 gives in graphical form the analysed 
results of 13 contractions in 6 experiments at about 17° C, with durations 
of stimulus from 0-2 to 2-0 sec. The solid portion of each vertical bar gives 
the amount of heat produced between the last shock and a moment 0-2 sec 
later when the tension should have fallen to zero. It is very inconstant, 
varying from 3-9 to 6-8 meal/g; its inconstancy is the more evident when 
we remember that it contains a large nearly constant component made up 
of the sum of elastic energy, thermoelastic heat and the residue of the 


| 


524 | A. V. HILL 


= 
uw 


Rate of heat production (mcal/g .sec) 
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0-40. 0-48 0:56 0-72 0-80 
Time after start of stimulus (sec) 
Fig. 2. Rate of heat production (A) and tension (a) during and after an isometric 
contraction of toad sartorii at 16-6° C. Stimulus 0-48 sec at 25 shocks/sec, last shock 
shown by arrow. Heat analysed in 0-04 sec units. The interrupted line below A 
gives the estimated rate of the heat of activation after the last shock. 
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Fig. 3. Heat produced by frog sartorii in isometric tetanic contractions of various 
durations at room temperature (about 17°C). Six experiments, a—f, with one to 


‘four contractions in individual experiments. Solid lines, heat produced between | 


last shock and end of relaxation: interrupted lines, heat produced after end of 
relaxation. The horizontal dotted line is drawn at height 4 mcal/g. | 
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maintenance heat. The dotted horizontal line at height 4 mcal/g represents 
the expected value of this constant component at 17° C, and the variation 
above this level is from —0-1 to +2-8 meal/g. 

The upper, interrupted, portion of each vertical bar represents the heat 
produced after relaxation was complete, i.e. after 0-2 sec from the last 
shock. It was very inconstant, varying from 0-4 to 5-1 mcal/g. 

The results of experiment (e), Fig. 3, which gave much the largest 
amount of heat after the end of relaxation, are examined in detail below 
in connexion with Fig. 8. Three typical results from among the rest, in 


3 


30 


20 


oO 


Rate of heat production (mcal/g . sec) 


0:0 0:2 0°6 
Time after last shock (sec) 


Fig. 4. Rate of heat production (A) after the last shock (arrow 1 at time ‘0’) of 
an isometric tetanus (0-32 sec) of frog sartorii at 17° C. Mean of three experiments. 
Arrow 2 shows the usual time (0-2 sec after the last shock) when, at 17° C, the 
tension falls to zero. Line (a) gives the estimated rate of activation heat after the 
last shock. 


which the heat was analysed in 0-04 sec time units, were averaged and are 


presented in Fig. 4. The rate of heat production is given from 0-10 sec — 
' before the last shock to 0-60 sec after it. The position of the last. shock 


and the presumed moment at which the tension had fallen to zero are 
indicated by arrows. The total heat after the last shock was 7-4 mcal/g; 
the heat produced between the two arrows was 6-25 mcal/g. 

In four of the six experiments of Fig. 3, namely (a), (d), (e) and (f), the 
length of the tetanus was varied, the later vertical bars of each group 
corresponding to the longer stimuli. The latter gave little or no more 
delayed heat than shorter stimuli, confirming a similar conclusion from 
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experiments with toad muscles. It is shown below that the apparent 
delayed heat due to an irregular spatial distribution of the rate of heat 
production during contraction would in fact be nearly independent of the 
duration of the stimulus. 


Direct evidence for a non-uniform distribution of the heat produced 
during contraction 
An easy way of obtaining a non-uniform distribution of the heat pro- 
duced in a contracting muscle was to use a submaximal stimulus. A com- 
parison of photographic records of the heat production with maximal and 
submaximal stimuli showed striking differences of shape This had nothing 
directly to do with the present problem, since supermaximal stimuli were 
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2 3 4 

Time after start of stimulus (sec) | 
Fig. 5. Galvanometer deflexion due to heat production in a single frog sartorius 
at 0° C. 1 sec stimulus (end shown by arrow). Curve X was obtained when the 


‘outside’ of the muscle was in contact with the thermopile, curve Y when the 
muscle had been reversed. 


always used; but the comparison gave a vivid idea of the effect, on heat 
records, of non-uniform contraction. A direct way of exhibiting the 
irregularities that can occur when the stimulus is maximal is illustrated 
in Fig. 5. There X and Y are records, corrected only for heat loss, of the 
heat production of the same muscle, a single frog sartorius, on the same 
thermopile and under identical conditions—except that, for X the ‘outside’ 
of the muscle was in contact with the thermopile, for Y the ‘inside’. By 

‘outside’ is meant the side which, in the living animal, is next to the skin. 
The conditions were: 0° C; contraction rigidly isometric at length |,; 
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stimulus direct, 11 supermaximal condenser discharges, the last at 1-0 sec. 
The only plausible explanation of the difference between records X and Y 
is that the ‘outside’ of the contracting muscle produced less heat than 
the ‘inside’. 

The difference between records X and Y does not look very large, but 
allowance must be made for the fact that equalization of temperature 
was going on all the time during contraction. The analysis described 
below was applied to the difference between the two records, and then it 
was found that a large part of all the heat produced must have occurred 
in a non-uniform distribution. 

Six other experiments of the same kind were made with single frog 
sartorii. In one of them, records X and Y were almost identical; in one, 
X rose rather faster than Y; in the other four Y rose faster than X, but 
the difference was not as great as in Fig. 5. The usual effect, confirmed by 
the fact that an excess of heat, not a deficit, appeared after the last shock, 
is that the rise of temperature caused by contraction is less in the ‘outside’ 
region of the muscle. When a pair of sartorii is used, this is the side which 
is in contact with the thermopile. If the difference were the other way 
round (X rising faster than Y) the heat produced after the last shock 
would appear to be less than usual, and none would turn up after the | 
tension had fallen to zero. There was never any sign of this happening. 


The flow of heat in a muscle during and after a contraction in which 
the rate of heat production varies from one region to another 

The treatment of this problem is rather similar to that of diffusion 
within a muscle (Hill, 1928). Several simplifying assumptions must be 
made. Each of a pair of sartorii on a thermopile is regarded as a plane. 
sheet of uniform thickness a cm, insulated against flow of heat at its two 
faces. At its inner face,.in contact with the thermopile, no heat can flow 
through the thermopile, because a similar muscle lies symmetrically on 
the other side: while allowance is made in the analysis for the (small) heat 
capacity of the thermopile and for lateral heat flow along its wires. Into 
the gas at the outer face the flow of heat is negligible in the times con- 
sidered (1-8 sec). The problem thus is reduced to linear conduction of 
heat perpendicular to the plane of the sheet, with zero loss at both faces. 


' Under such conditions the course of temperature change is governed by 


the equation 


Oy/dt = kd®y/dx*. (1) 
Here y is temperature, x is distance (em) normal to the boundary surfaces, 
t is time (sec) and k = Kpe (K is thermal conductivity of muscle, p is its 
density and c its specific heat). According to Hill (1949c, p. 231) the value 


of k for frog muscle at 0° C is about 1-25 x 107%. It depends chiefly on the 
34-2 
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thermal conductivity of water, which increases only 6 %, between 0 and 
20° C, so it will be taken as independent of temperature. It is convenient 
to express y in units of mcal/g muscle, instead of °C x 107°. This does not 
affect equation (1), for both sides can be divided by ¢ and y/c is temperature 
in °Cx 10-8, For economy of words, therefore, y will be referred to as 


temperature. 
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; Distance from outer surface (x) 

Fig. 6. Diagram to illustrate an initial non-uniform distribution of temperature 
in a muscle lying on a thermopile, and the manner in which it equalizes itself with 
time. Thermopile to the right, shaded. Total thickness of muscle and thermopile 
0-641 mm. Initial distribution AOB, above the line DE; distribution after 0-231 sec, 
A, OB; ; distribution after 0-462 sec, A,OB,: final distribution, Awa OBo. The initial 
distribution AOB above the line CB is described as the non-uniform distribution, 
the distribution CB above the line DE as the unjform distribution. — 


Let x be measured from the outer surface of the muscle, so that the 
thermopile is at x = a. It is assumed that the temperature is a function 
of « and ¢ only, so that an initial instantaneous distribution of temperature 
is a function only of x. It is not necessary to consider any uniform distribu- 
tion of temperature; the non-uniform distribution is regarded as super- 
imposed on the other (see Fig. 6). Take the rate of the non-uniform heat 
production as uf(x/a), where u is a rate of heat production (in units of 
meal/g.sec), and f(2/a) is a number depending on the relative distance x/a 
from the outer surface. For simplicity in most of the calculations, since 
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the rate of heat production during a maintained contraction decreases 
only slowly, w will be taken as constant; and f(z/a) is taken as zero at 
aja = 1, ie. at the surface of the thermopile. 

For an instantaneous distribution of temperature y = hf(x/a) at t = 0 


the complete solution of equation (1) at all subsequent times is given by 


Carslaw & Jaeger (1959, p. 101, eqn. (6)). This, in general, involves an 
infinite series, though it is usually rapidly convergent. In one special case, 
however, which is convenient for the present discussion, the solution is 
simple: when f(x/a) = (1+ cos 7z/a) the solution is 


y/h = 1+ (cos (2) 


In Fig. 6 the initial non-uniform distribution at time ¢ = 0 is the half 
sine-curve AOB above the line CB. The uniform distribution is CB above 
the line DH. If the muscle be 0-0641 cm thick (CB or DE), so that 
kr®/a? = 3, the distribution at subsequent — is A,OB, at t =0-231 sec, 
A,OB, at t = 0-462 sec, and A,.OB, att = 

‘Bines we are concerned experimentally sel with the temperature at 
the inner surface, where the thermopile is, i.e. at x/a = 1, the equation is 
further simplified (putting ka?/a* = «) to 


y/h = 1-e* (3) 


This vepremmecte the temperature at the cei at time ¢ after an initial 
instantaneous distribution of temperature y/h = 1+cos zz/a at t = 0. 
In practice, however, we are not concerned with the effects of an initial 
instantaneous distribution of temperature, but with those of a continuing 
production of heat. The latter can be deduced from the former as follows. 
We assume a rate of heat production u(1+ cos 7z/a), so if wu is constant the 
temperature y< of the thermopile at time ¢ after the start is | 


y= uf 
= u {t—(1/a)(1 (4) 
e quanti 
(uja) (1—e~**) (5) 


can be called the deficit of temperature at the thermopile at any moment, 
that is, the amount by which the temperature at that moment is less than 
it would have been if the rate of heat production had been uniform through- 
out the muscle, i.e. w instead of w(1+ cos 72/a). 

So far we have assumed u to be constant up to time t: but if the heat 
production were to end, i.e. if w became zero, at time t,( < t) the tempera- 
ture at a subsequent time ¢ would be. 


y = u —e™)}. 
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The deficit of temperature, therefore, at time ¢ = ¢, sec, would be 


(u/a)(1—e-*4), (7) 
and at time ¢ = (#,+1#,) sec 


— (8) 


Equation (7) then gives the total apparent heat production (in meal/g) 
after t = t, sec, and equation (8) the total apparent heat eg aon after 
= (t, sec. 

The experimental results reported earlier in this paper ons to the total 
heat actually or apparently produced (i) after the last shock and (ii) after 
the tension had fallen to zero. The former (i) includes the heat due to 
elastic energy and thermoelastic heat, together with the residue of the 
maintenance heat after the last shock: the rest is believed to be an error 
due to a non-uniform distribution of the heat produced earlier during con- 
traction. The latter (ii) is believed to be entirely an error due to the same 
cause, For simplicity in comparing the experimental results with equations 
(7) and (8) let us regard the real heat production after the last shock as 
uniformly distributed, so it does not come into the equations, and con- 
centrate on the after-effects of a non-uniform distribution of the heat rate 
before the last shock. Then equation (7) gives the amount by which the 
observed heat production after the last shock is erroneously in excess of 
the true value, while equation (8) gives the error remaining at the moment 
when relaxation is complete. 

Table 1 has been calculated from equations (7) and (8) for a number of 
typical cases. A moderate value has been taken, namely 1/3, of the ratio 
of the heat in the non-uniform distribution to the whole heat: this is 
the ratio (OX/OY) illustrated in Fig. 6. Three different experimental 
objects have been chosen, frog muscle at 17° C, toad muscle at 17° C and 
frog muscle at 0° C, in order to illustrate how greatly the size of the error 
depends on the speed of the muscle. Three different thicknesses of muscle 
_ have been considered, in order to show how much greater is the error in a 
bigger muscle: and to make the calculation more realistic a longer stimulus 
has been assumed for the muscle at 0° C. 


The comment might be made that the calculated quantities in Table 1 depend directly 
on the value of v, so naturally vary with the muscle considered. That is true: but they are 
intended to be compared with the real heat production after the last shock, which is not 
far from constant at about 3—4 mcal/g. The error, therefore, varies from about 100 to 0% 
of the true quantity. 


Five conclusions can be drawn from Table 1: 


(1) in a fast muscle at room temperature the error can be large; 
(2) in a slower muscle at room temperature it is less; 
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(3) in a muscle at 0° C, which is very slow, the total error after the last 
shock is small, after the end of relaxation negligible; 


(4) the error is much less in thinner muscles, in which temperature 
equalization is quicker; 

(5) the error tends to a constant value as the duration of the stimulus is 
increased. 


TaBLE 1. Apparent heat production after the end of the real heat production, 
caused by @ non-uniform spatial distribution of the heat produced during a 
contraction ; calculated from the formulae (7) and (8) in the text, for the following 
conditions: | 

v = total rate of heat production during contraction (mcal/g. sec) ; 

u = v/3, where u is the rate of heat production in the non-uniform distribution 
u(1+cos 

t, = duration of heat production (sec) ; 

t, = time after ¢, for tension to fall to zero (sec). 


“Muscle Frog 17°C Toad 17°C Frog 0°C 


v 30 12 4 
u 10 4 1-33 
ty 1-0 1-0 3-0 
te 0-2 0-32 
Muscle size A, rather large B, medium C, small 
Thickness a (cm) 0-0702 0-0593 0-0497 
a = ka*/a* 2-5 3°5 5-0 
Calculated results 
Apparent heat production 
(meal/ 
Temp ‘after after 
Muscle (°C) Size t=t, t= t, +t, 
(1) For conditions described above 
Frog 17 A 3-66 2-22 
Toad 17 A 1-47 0-65 
Frog 0 A 0-53 0-03 
Frog 17 B 2°77 1-37 
Toad 17 B 1-10 0-36 
Frog 0 B 0-39 0-00 
Frog 17 C 1-99 0-72 
Toad 17 C 0-80 0-16 
Frog 0 Eos: 0-27 0-00 
(2) For frog muscle, 17° C, size B, 
when ts = 0-2 sec, ty varies 
t, (sec) 
0-5 1-79 “117 
1-0 2-77 1-38 
1-5 2-84 1-41 
2-0 2-86 1-42 


Of these conclusions, results similar to (1), (2), (3), and (5) have been 

noticed continually in the experiments reported above: (4) was not noted 
_ with certainty, but the variation in size of the muscles used was not very 
large, and variations from other causes could have masked its effect. As 


| 
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regards (5), the calculated result in Table 1 for ¢, = 0-5 sec, is substantially 


less than for greater values of t,. This inequality was not evident in the — 


experimental results. But in actual contractions the rate of heat production 
is greater at the start and then soon falls to a nearly constant level: in 
the calculation the rate of heat production, for simplicity, was assumed 
constant throughout. It is possible by numerical integration to calculate 
the error for any variation of w with time. This was done for the case of 
an actual experiment in which the rate of heat production was known 
throughout a contraction with 2 sec stimulus. The calculated errors in the 
heat produced after the last shock were, in arbitrary units; after 0-5 sec, 
4:0; after 1-0 sec, 4:2; after 1-5 sec, 3:9; after 2-0 sec, 3-6. These are nearly 
enough constant, and illustrate the experimental finding. 

The assumption therefore of a non-uniform spatial distribution of the 
rate of heat production during a contraction is capable in general of 
explaining the kind of variations, anomalies and regularities that turn up 
in measurements of the heat production after the last shock of a stimulus. 
It will naturally occur to a reader that the distribution chosen, namely 
(1+ cos 7z/a), is arbitrary, and that another distribution might give a 


different result. In fact it does not. It is possible, for example, provided one 


is prepared for enough arithmetic, to try other distributions, for example 
f(z/a) = 2 from xz/a = 0 to 0-5, and f(z/a) = 0 from z/a = 0-5 to 1-0: 


this would mean that in the non-uniform distribution heat was produced 


only in the outer half of the muscles. The solution in this case for the 
temperature at the thermopile, in place of equation (3) above, is 


= 1— (A/a) — + (9) 


The effect of using this equation instead of (3) above is that the same error 
results from a somewhat smaller non-uniform distribution of the heat 


production. It was applied, with good effect, in explaining the results of. 


the most anomalous experiment made (see Fig. 8 below). Another 
possible distribution is a linear diminution of temperature from the 
outside inwards, f(a/a) = 2(1—2/a). The solution for this case is 


y/h = 1—8/n* + + (10) 


The effect of using equation (10) instead of (3) is the opposite of that of 
using equation (9), namely that a rather larger non-uniform distribution 
of the heat production is required to produce the same error. 

In general, therefore, the proposition seems to be proved. It only remains 
to see how well it works in specific experiments. In Fig. 7, curve A 
represents the heat production of a pair of toad sartorii during and after 
an isometric tetanus of 0-44 sec duration at 16-6° C. Curve (a) is the later 
_ part of the tension record. The last shock is shown by the arrow. The 
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‘ tension had fallen to zero at 0-72 sec but the heat production continued 


at a diminishing rate for more than 1 sec longer. This was one of the series 
of five experiments referred to above (p. 523), the only one in which a 


significant quantity of heat appeared to be produced after the end of 
relaxation. | 
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Fig. 7. Analysed deflexion (A) due to the heat produced in a 0-44 sec isometric 
tetanus of a pair of toad sartorii at 16-6° C; a later stages of tension. @, deflexion 
after allowance for an assumed non-uniform distribution of the heat produced 
during contraction. 


The average thickness of the muscles used in this experiment was 
a = 0-073 cm, so « = kn*/a* = 2-3. Assuming a non-uniform rate of heat 
production u(1 + cos ma/a) ending att = 0-64 sec, the deficit of temperature 
at the thermopile before and after that time can be calculated from 
equations (5) and (6) respectively. The quantities so calculated are to be 
added to the ordinates of curve A, Fig. 7. If u be taken as 3-5 mcal/g.sec 
the corrected results are given by the filled circles.. A curve drawn through 
these would reach a steady level by the time (0-72 sec) when the tension — 
had fallen to zero, and the total heat after the last shock would be 4:2 
instead of 5-1 meal/g. The amount of heat in the non-uniform distribution 
is calculated as 3-5 mcal/g.sec continuing for 0-64 sec, ie. 2-24 mcal/g, 
which is 21% of the whole heat given out in the contraction. It is easy 
to admit that 21° of the whole heat produced during contraction could 
be non-uniformly distributed : indeed if equation (9) had been used instead 
of equation (3), only about 17°% would have been needed. 
_ A similar calculation was made for the other pair of toad sartorii 
referred to on p. 523, stimulated for 0-76 sec at 20° C. The observed heat 
after the last shock was 5-5 mcal/g and the temperature went on rising for 
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at least 1-0 sec after relaxation must have been complete. A non-uniform 
distribution of the heat production was assumed, as before, ending at 
1-0 sec and amounting to 17% of the total heat in the contraction. The 
corrected temperature became constant at 1-1 sec instead of continuing 
beyond 1-8 sec, and the heat after the last shock became 4:8 meal/g. 

The most exaggerated example of a large delayed heat production is 
that in experiment (e), Fig. 3, of a 0-8 sec tetanus of frog sartorii at 17° C. 
The course of the rise of temperature during and after this contraction is 
shown in Fig. 8 (open circles). The heat after the last shock had the extreme 
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Fig. 8. An extreme example of presumed non-uniform distribution of the heat 
produced during a 0-8 sec tetanus of a pair of frog sartorii at 17°C. O, heat 
deflexion after analysis in 0-04 sec time units; @, the result of correcting for an 
assumed non-uniform distribution of the heat production. The last shock of the 
stimulus occurred at the:arrow. 


value of 9-1 mcal/g, and it continued for more than 1 sec after relaxation 
should have been complete at 1-0sec. A noticeable thing about this 
experiment was that the heat between 0-8 and 1-0 sec was not excessive, 
in fact only 4:1 mcal/g, so that nearly all the excess appeared after 
relaxation was complete. This suggested that the non-uniform heat 
production was confined to the outside of the muscle, from where it would 
take time to reach the thermopile: so equation (9) was used instead of 
equation (3). The non-uniform heat production was assumed to end at 
0:96 sec, i.e. 0-16 sec after the last shock, and with « = 2-5 the deficit of 


temperature was calculated every 0-08 sec up to 2-4 sec. This was then 


added to the ordinates of the curve of Fig. 8 (open circles) and the result 
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is shown by the filled circles. The heat required in the non-uniform 
distribution, in order to obtain the result shown, was 53°% of the whole - 
heat produced in the contraction. The effect of the calculation was striking, 
it transformed a curve taking about 1-6 sec after the last shock to reach 
its final level to one in which the process took only about 0-2 sec: while the 
total heat after the last shock became 4-0 mcal/g instead of 9-1 mcal/g. 
The only difficulty about accepting the result is that it required a large 
part of the whole heat to be produced in the outer half of the muscles: but 
the experiment was certainly abnormal. Possibly, by some mischance, a 
layer of inert fluid or material lay between the muscle fibres and the 
thermopile, though nothing of this kind was noticed. The result was not 
due to some casual error in the record analysed, because a number of other 
contractions of the same pair of muscles, with different durations of 
stimulus, provided similar records. 


The relaxation heat after an isometric contraction 


The ‘hump’ in the curve defining the rate of heat production during 
relaxation after an isometric contraction has been known since 1920. It 
- occurs during the interval within which the tension is disappearing, so it 
was natural to attribute it to the degradation into heat of the elastic energy 
developed during contraction. In recent years methods were found of 
measuring this elastic energy (Hill, 1950a, b, 1953a; Jewell & Wilkie, 
1958); and then it became apparent that the elastic energy was not large - 
enough to account for the whole of the heat that appeared in the ‘hump’. 
At about the same time, however, it was found (Hill, 19536) that the 
release of tension itself, in a contracting muscle, causes a substantial 
- production of heat (the ‘thermoelastic’ heat); and the amount of this was 
about sufficient, when added to the elastic energy, to provide the whole of 
the extra heat required. The thermoelastic heat was applied by Hill & 
Howarth (1959) to explain the otherwise anomalous results obtained in 
stretching muscles during contraction: and it was examined in more detail 
by Woledge (1961), who concluded that it is a reversible thermodynamic 
effect, which occurs in opposite directions when the tension rises or falls 
during the course of an isometric contraction. 

The ‘hump’ therefore in the relaxation heat could be accounted for in 
terms of elastic energy and thermoelastic heat. But a considerable amount 
of heat appears after the last shock in an isometric contraction which 
cannot be attributed to these mechanical causes; presumably it is the 
‘activation heat’ (Hill, 19496) due to the last shock itself, together with 
the residue, if any, of the activation heat due to preceding shocks of the 
stimulus. In Figs. 1, 2 and 4 above interrupted lines have been drawn 
below the ‘hump’ to separate the elastic and thermoelastic energy (above) — 
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from the residue of activation heat (below). These separating lines are 
somewhat arbitrary, but the idea on which they were drawn was: 

(a2) The activation heat would continue for a short time after the last 
shock at the same rate as before; 

(b) it would then follow the same curve as the observed heat rate until 
the tension began to diminish ; 

(c) thereafter it would continue to fall on a smooth curve, until its rate 
became zero when relaxation was complete. 

If the line separating the energy due to the fall of tension could be 
accurately drawn, the area below it would be a measure of the residue of 
the activation heat after the last shock. 

In a frog or toad sartorius contracting isometrically the elastic energy 
in the muscle itself, due to the tension P developed in it, can be read off 
from Fig. 2 of a paper by Hill & Howarth (1959). If the muscle is con- 
nected to a tension recorder by a wire or thread, which is itself extensible, 


TaBLeE 2. Mechanical components of the relaxation heat 


3 Thermo- 
Elastic elastic 

: energy, heat, Total, Total, 
Pl,|/M (g-cm/g) (g-cm/g)  (g-cm/g) (meal/g) 
2000 17 28-0 45-0 1-06 
2200 20-2 30-8 51-0 1-20 
2400 23-8 33-6 57-4 1-35 
2600 27-7 36-4 64-1 1-51 
2800 31-8 39-2 71-0 1-67 
3000 36°5 , 42-0 78-5 1-84 
3200 44-8 85-5 2-01 


the elastic energy developed in this also must be added. The elastic energy 
so calculated provides the first component of the relaxation heat. The 
thermoelastic heat produced when a tension P disappears, according to 
the latest measurements (Woledge, 1961), is 0-014 Pl,/M g-cm/g. Table 2 
gives the calculated values of the elastic energy in the muscle itself and 
the thermoelastic heat, for various values of Pl,/M. The elastic energy 
developed in external extensible connexions is not included: that must be 
added separately. 


Three experiments were ante on toad sartorii at 0° C in order to obtain 


the greatest possible accuracy in attempting to separate the mechanical 
components of the relaxation heat from the residue of the activation heat. 
It was shown above that the errors due to a non-uniform heat production 
during contraction are much smaller if a muscle is slower, and the slowest 
available muscles were toad sartorii at 0° C. It was shown also that these 
errors are less in a thinner muscle: the muscles used were only 0:55 mm 
thick. They were stimulated isometrically for 3-3 sec with short condenser 
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discharges at 10/sec. The tension was recorded as well as the heat. In each 
experiment heat records were made of several contractions. These were 
measured every 0-1 sec and the results averaged. The mean was taken of 
the three averages. This was then analysed in time units of 0-1 sec, from 
0-6 sec before the last shock to 2-0 sec after it. The rate of heat production 
is given at every 0-1 sec in Fig. 9 by the height of the open circles. The 
last shock was at time ‘0’. The tension is shown by curve (a): the mean 
value of Pl,/M was 2270. 

The interrupted line, an attempt to separate the two components of the 
- heat produced after the last shock, is admittedly somewhat arbitrary, 
but in fact, bearing in mind the criteria referred to above, it could not be 
drawn very differently. The total heat produced after the last shock, up 
to a moment 2 sec later, was 2-70 mcal/g. The heat calculated from the 
area under the broken line was 1-13 mcal/g (though see the note below). 
The difference between these, namely 1-57 mcal/g, is the amount which, 
if the assumptions are correct, could be attributed jointly to elastic energy 
and thermoelastic heat. The calculated elastic energy included that in 
the wire to the tension recorder. The calculated total of elastic energy and 
thermoelastic heat came to 1-45 mcal/g. Considering all the assumptions 
and measurements involved, the agreement (between 1-57 and 1-45 meal/g) 
is reasonably satisfactory. — 

Note. In Fig. 9 the rate of heat production given by the hollow circles appears to fall to 
zero rather sooner than the tension. This was probably caused by the early incidence of the | 
negative delayed heat (Hill, 1961) which became apparent later. The error caused by this 
could not be large, because the rate of the negative heat production is small. Its effect would 
be to cause the interrupted line to be drawn rather too low near its end, so the residue of 
the activation heat may really be rather greater, say about 1-25 mecal/g instead of 
1:13 meal/g. 

A similar calculation can be made with Fig. 2 above, i in which the rate 
of heat production of toad sartorii at 16-6° C is shown, before and after 
the last shock of a 0-48 sec tetanus (25 shocks/sec). Here, also, as for 
Fig. 9, the numbers used for the analysis were the mean from three 
experiments; these were selected because the heat production did not 
continue beyond the end of relaxation. The total heat after the last shock 
was 3-6 meal/g. The heat below the interrupted line after the last shock 
was 1-46 meal/g, difference 2:14, The heat calculated from the tension for 
elastic energy and thermoelastic heat together was 1-81 mcal/g. The 
agreement again is fairly satisfactory. The mean value of Pl,/M was 2750; 
the tension in a tetanic contraction is always rather higher at room| 
temperature than at 0°C. This explains why the heat due to drop of 
tension is greater, and it may explain why the residue of the activation 
heat is greater too (since a muscle usually produces more heat when it 
develops a greater — 
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It is interesting that in Fig. 4, for frog muscles at 17-2° C, the area of 
the ‘relaxation hump’ above the interrupted line is 1-86 mcal/g, about 
the same value, even though quite a lot of heat appeared to be produced 
after the end of relaxation. 


Rate of heat production (meal/g . sec) 


Tension (g wt.) 


Time after last shock (sec) 


Fig. 9. Above: rate of heat production (A) before and after the last shock (at 
time 0) of a 3-3 sec isometric tetanus of toad sartorii at 0° C, analysed in 0-1 sec time 
, units. Below: tension (a). The interrupted line under A gives the estimated rate 
of the residue of the activation heat after the last shock. 


The residue of the activation heat after the last shock of a tetanus 
might be expected te be of the same order of size as the activation heat 
in a single twitch. The latter is not accurately known, but from Fig. 9 of 
a paper by Hill (1949b) it can be estimated in toad sartorii at 0° C as about 
2 meal/g: while in a later paper (Hill, 19500) it was assessed as ‘rather 
less than one half the heat given out with very small loads;’ this leads to 
about the same quantity. There is approximate agreement therefore, in 
size, between the activation heat in a twitch and the residue of the activa- 
tion heat after the last shock of a tetanus. | 
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In frog muscles at room temperature the usual incidence of a non- 
uniform distribution of the rate of heat production during contraction 
prevents an accurate estimate from being made of the residue of the 
activation heat after the last shock of a tetanus. At 0° C, however, in 
_ two experiments with frog muscles (1 sec stimuli), the quantities obtained 
by the same method as was used in connexion with Figs. 2 and 9 were 
2-21 and 1-74 meal/g. In Hartree’s experiment on frog sartorii shown in 
Fig. 1 A the area below the interrupted line after the last shock was 0-207 
of the whole initial heat, which was taken to be 7-5 mcal/g: so the residue 
of the activation heat would be 1-55 meal/g. For frog sartorii, therefore, 
at 0° C an average value of 1-8 mcal/g is likely for the residue of the 
activation heat after the last shock. At 17° C the tension developed during 
a tetanic contraction is rather greater than at 0° C, so a rather higher 
_ value, say 2-0 meal/g, is probable. With values of Pl,/M of 2400 and 2800 
respectively at 0 and 17° C, the heat due to the fall of tension would be 
1-35 and 1-84 meal/g: so the total heat after the last shock would be 3-15 
and 3-84 meal/g respectively at the two temperatures. | 


DISCUSSION 


It appears therefore from the combined evidence, direct and indirect, 
presented above, that after an isometric contraction of frog or toad 
sartorii the rate of heat production falls to zero by the time that relaxation 
is complete; and that the total amount of heat produced after the last 
‘shock of a stimulus can be accounted for in terms of elastic energy, 
thermoelastic heat, and the residue of the heat of activation, or main- 
tenance. When, in the present experiments, the heat production after the — 
last shock appeared to be prolonged or excessive, the anomaly could be 
explained by assuming that the spatial distribution of the rate of heat 
production during contraction was non-uniform. In the older experiments 
of Hartree & Hill (1928) and Hartree (1932), made with instruments and 
methods much less reliable than present ones, various other causes may 
have contributed to the same effect, e. g. lack of flatness in the thermopiles, 
or errors due to the methods of ‘control heating’ and analysis. It must be 
noted that the results described in the present paper have no relation to 
the ordinary recovery heat, which develops gradually later. 

The question, therefore, from which the present investigation started, 
of whether the early delayed heat production reported in the older papers 
could be a sign of the Lohmann reaction does not arise: for this heat appears 
to be due to error. If the Lohmann reaction really occurs during contrac- 

tion and relaxation, its heat production, positive or negative, would be | 
_ inextricably mixed with the rest of the heat produced by the muscle. If 
the Lohmann reaction occurs after the end of relaxation and before the 
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ordinary positive recovery heat production begins, its heat must be either 


zero, or small and negative (corresponding to the negative delayed heat, 


Hill, 1961). But in that case it remains a problem why chemical methods — 


have been unable to detect any net hydrolysis of ATP at this time. 

It is most desirable, therefore, that the net amount of heat produced, 
per mole, in the Lohmann reaction, in frog or toad sartorii, at 17° C and 
at 0° C, should be accurately known, under the conditions (of pH, etc.) 
believed to exist inside the fibres during life. If the heat really is positive 
it seems that the reaction must occur, if it does occur, during the time 
when the heat of activation, and its residue, are appearing. The early 
rapid decrease of pH during contraction, observed by Distéche following 
Dubuisson (see Distéche, 1960), was attributed by them to the hydrolysis 
of ATP, the later increase of pH to the splitting of phosphocreatine, with 
the resynthesis of ATP in the Lohmann reaction. Unless, however, the 

Lohmann reaction is thermally neutral the complete acceptance of this 
view is difficult, for the positive phase of pH change appears to continue 
after the muscle has relaxed, although no genuine positive heat production 
occurs until the ordinary recovery process begins. The delayed negative 
heat might have something to do with the later rise of pH, though it is not 
clear what. Can the heat of the Lohmann reaction really be negative? 
Or is it possible that in living muscle the Lohmann reaction_is not a single 
affair, but a sequence of coupled processes? Such questions are un- 
answerable except by specific chemical methods. All that measurements 
of heat and pH change can do is to act as umpires in deciding what con- 
clusions from chemical evidence are admissible on, or excluded by, the 
physical evidence, and perhaps to suggest where and how a solution should 
be sought. | 
The fact, certainly established by the present investigation, that the 
_ rate of heat production of a muscle may vary considerably from one region 
to another, has an important bearing on the technique of myothermic 
measurements. The conclusions from it are that, for real accuracy to be 
obtained in the resolution of rapid thermal events, (a) the slowest available 
muscles should be used (e.g. toad sartorii at 0° C) and (b) these should be 
as thin as the instruments available permit.. The time scale of the re- 
distribution of temperature in the muscles can thus be reduced in com- 
parison with that of the physiological changes themselves. This has long 
been known in a general way, but the extent of the errors involved was 
never explicitly realized until the present analysis was made. In following 
slower events, e.g. those of aerobic or anaerobic recovery, the same 
technical problem does not arise ; for (except in very thick muscles) thermal 
equalization is usually rapid enough to forestall any serious trouble arising 
from non-uniform distribution of the heat. When indeed rapidity of heat 
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loss is a dominant factor in limiting accuracy of measurement there is 
even an advantage in using larger muscles, in which the rate of temperature 
loss is less; or in working at a higher temperature where the process in- 
vestigated takes less time. 

The fact that the residue of the heat of activation that appears after 
the last shock of a tetanus is about the same as the heat of activation in 
a single twitch, provides an interesting addition to what is known about 
the ‘active state’. It was realized long ago (Hill, 1913) that the heat pro- 
duced by a muscle under a tetanic stimulus of given duration increases at 
first with the frequency of the shocks constituting the stimulus; but 
becomes constant above the comparatively low frequency which produces 
a complete, or nearly complete, summation in the mechanical response. 
This is not because some of the shocks fail to excite, but because the 
individual thermal response to each shock becomes successively less as 
the frequency rises. It seems that the active state (Hill, 1949d) is raised 
to its maximum level by each shock in turn, so witha high enough frequency 
it continues practically at its full height. The duration of the active state 
in a twitch can be considerably extended by exposing a muscle to a 


solution containing nitrate or other anions in place of the usual chloride: 


and the heat produced in the twitch is then increased (Hill & Macpherson, 
1954). But during the tetanic contraction of a muscle so treated the heat 
production remains what it was before treatment: only the residue of the 
activation heat after the last shock is increased. _ 

It appears, therefore, that during a tetanic contraction the intensity 
of the active state is maintained at the full level which is momentarily | 
reached during a twitch.’ Each successive element of the stimulus brings 
the active state back to its full intensity. If so, it could be expected that 
the residue of the heat of activation after the last shock of a tetanus would 
be independent of the duration of the stimulus (as it appears to be) and 
the same as the heat of activation after a single maximal shock. This does" 
not explain what the active state is, but adds another characteristic which 
may help in its elucidation. 

It was shown above that the amount of heat in the ‘hump’ that appears 
during relaxation from an isometric contraction can be accounted for 
fairly accurately in terms of elastic energy and thermoelastic heat. 
Experimentally there can be no doubt that this ‘hump’ always occurs 
during the interval in which the tension is diminishing. Some of it must 
certainly be due to the elastic energy which disappears when the tension 
falls, but it is impossible to explain the whole of it in this way. The thermo- 
elastic heat production was first observed during the rapid experimental 
release of tension in a contracting muscle; but it was open to question 
whether the same effect would occur when the tension fell naturally during 
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relaxation. The fact that the missing heat can be attributed, with fair 
accuracy, to the thermoelastic effect of falling tension, helps to remove 
that doubt; particularly when one remembers that the constant 0-014 in 
the expression 0-014 Pl,/M for the thermoelastic heat was not chosen for 
the purpose but obtained experimentally (Woledge, 1961). The result, in 
conjunction with Woledge’s evidence that the thermoelastic heat really 
is a reversible thermodynamic effect, gives one the greater confidence in 
applying the concept of thermoelastic heat without reservation. 

One such application that now seems justifiable is to the earlier stages 
of the heat production during an isometric, or an after-loaded isotonic, 
contraction, while the tension is rising. This application was in fact made 
by Hill & Howarth (1959, pp. 185, etc.), but only for a rather specific 
purpose. It deserves a more general statement. A rise of tension should 
cause an absorption of heat, so the observed heat production would be 
correspondingly too small. In considering the chemical mechanism of 
contraction the liberation of energy that matters is that due to chemical 
processes, the purely physical effect due to change of tension is of no direct 
concern. Moreover, during the time while the tension is rising, mechanical 
_ work is being done in stretching the elastic elements of the muscle, The 
energy therefore which is really being liberated by a muscle during the 
early phase of contraction is considerably greater than that which appears 
as heat. This makes a considerable difference: indeed, during the interval 
in which the tension is rising the extra energy supplied by chemical 
processes is equal to the area of the ‘hump’ during relaxation, which is of 
the order of 1-5-2 mcal/g. The subject will be examined further by Woledge 
in a later paper. | 

Strong evidence, direct and indirect, was presented above that the 
heat produced in contracting sartorii is not uniformly distributed. This 
is not a random affair; nearly always it appeared that the rise of tempera- 
ture was greater in the ‘inside’ region of the muscles than in the ‘outside’ 
region, the ‘outside’ being the part which in the intact animal is next to 
the skin, and in myothermic experiments is normally in contact with the 
thermopile. The amount of heat produced in a tetanic contraction of given 
_ duration depends on the speed of the muscle, a faster muscle giving more. 
The quicker muscle of a frog produces more heat than the slower muscle of 
a toad, much more than the very slow muscle of a tortoise; while a rise of 
temperature, which increases the speed of any muscle, causes it also to 
produce heat during a tetanic contraction at a higher rate. A natural 
explanation, therefore, of the difference found between different parts of 
a sartorius would be that the fibres in the ‘inside’ region are faster than 
those near the ‘outside’. 


No way of testing this expectation experimentally was evident, but it 
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is known (Hill, 1949c, p. 234) that the fibres near the ‘outside’ tend to be 
smaller than those elsewhere. It is known also (Cattell, 1928) that the 
fibres of the frog sartorius are innervated from two roots, the VIIth and 
VIIith, a certain number of them being supplied from both. Moreover it 
was shown by Buller, Eccles & Eccles (1960) that the speed of a muscle 
can be altered by transferring its innervation from a ‘slow’ to a ‘fast’ 
motoneurone. It is possible, therefore, that the fibres innervated separately 
from the VIIth and VIIIth roots would differ in speed, the faster ones 


- therefore producing more heat during a tetanus. If the innervation were 


regional, the non-uniformity of the heat production would be explained. 


SUMMARY 


1. Older measurements, now believed to be erroneous, of the heat 
produced by a muscle soon after the end of relaxation, had suggested 
that this heat might be related to chemical reactions supposed to occur 
during a short interval after contraction. 

2. Experiments are described in which the heat produced, by frog or 
toad sartorii, after the last shock of an isometric tetanus, was measured, 
both at 0° C and at room temperature. 

3. At 0°C the heat production ended by the time when the tension 
had fallen to zero: and its total amount could be explained: in terms of 
known quantities. 

4. At room temperature (around 17° Cc) very variable results were 
obtained. The heat apparently produced after the last shock generally 


_ lasted beyond the end of relaxation and might be considerably greater 


than could be explained in known terms. These effects were much more 
obvious in the faster muscles of frogs than in the slower muscles of. 
toads. 

5. A mathematical and numerical analysis showed that all this variation 
could be explained by assuming that the spatial distribution of the heat 
produced during contraction was not uniform. It showed also that in 
slower muscles, in which the rate of heat production was less and the 
duration of relaxation greater, thermal equalization would be rapid enough 
to reduce these anomalies; while at 0° C, where muscular processes are very 
slow, it would obviate them entirely. 

6. A direct comparison of heat records with single muscles, arranged 
first one way round on a thermopile and then the other way, showed that 
these irregularities in the distribution of the heat produced during con- 
traction do in fact occur. 3 

7. It is concluded that at room temperature the real heat production, 
after the end of a stimulus, ends, as it does at 0° C, by the time that the 
mechanical response has a After that, slower processes come 
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on, first the small negative delayed heat and then the much larger recovery 
heat. 

8. The residue of the heat of activation (or maintenance) after the last 
shock of a tetanus was examined. It is about the same as the heat of 
activation in a single twitch. The reason for this is discussed. 

9. The ‘hump’ in the relaxation heat after an isometric contraction can 
be fully accounted for in terms of the elastic energy developed during the 
previous contraction and degraded into heat during relaxation, together 
with the thermoelastic heat due to the fall of tension. 

10. These thermal effects of the disappearance of tension, when added 
to the residue of the heat of activation, can account for the whole of the 
heat produced after the last shock of a stimulus. 

11. The cause is discussed of the irregularities in the distribution of 
_ the heat produced by a muscle during contraction. 

12. The conditions necessary for accuracy in the resolution of rapid 
thermal changes during contraction are considered. The slowest and 
thinnest muscles are the best. 

13. The need is emphasized of accurate information about the heat of 
reaction of chemical processes supposed to occur in'muscular contraction, 
under the actual conditions believed to exist inside living muscle fibres. 


‘My warm thanks are due to Mr R. C. Woledge for his skilled assistance in much of the 


experimental work described in this paper, and for making some of the critical experiments 
himself. He and I are indebted to the Medical Research Council for granting him a scholar- 
ship for training in research. 
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THE INITIATION OF CUTANEOUS NERVE IMPULSES 
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The majority of vertebrate sensory nerves have fine, branched, non- 
myelinated endings, but it is by no means certain what events occur in 
these fine branches. For example, in some sense organs the site at which 
the propagated action potential originates is not at the extreme end of the 
fibre but is more proximal, for instance at the first node (Gray, 1959; 
Murray, 1956; Paintal, 1959). On the other hand, in frog muscle stretch 
receptors (Katz, 1950), the small action potentials which were recorded 
from the axon some distance away were believed to have arisen in the 
terminal branches of the fibre, and the presence of propagated potentials 
in the terminal branches of the cutaneous nerves of the frog has been 
postulated on indirect evidence (Catton, 1958). . 

The present experiments involve a new and simple technique for r re- 
cording the impulses in single cutaneous nerve fibres of elasmobranch fishes 
from outside the fish and without dissection. The results provide further 
evidence concerning the general problem of the mechanism and site of 
impulse initiation in sense organs. 

The anatomical details of the innervation have also been briefly studied, 
for the earlier description of free nerve endings in elasmobranch skin 
(Wunderer, 1908) is inadequate because it does not describe the course of 
the fibres relative to the stratum compactum of the dermis. 


METHODS 


Various common Raja species were employed (R. clavata, R. brachyura, R. montagui and 
R. naevus); the results from all were similar. Some dogfish (Scyliorhinus canicula) were also 
used, 

Electrical recordings were made with oniecatieal a.c, amplification, having a time 
constant of 10 msec or longer. 

Controlled mechanical stimuli were provided by a probe attached to the cone of a modified 
mains-energized loudspeaker, since greater movements were required than could be obtained 
with a crystal. The movements were damped by covering the face of the speaker with a metal 
plate, and by packing the back of the cone with foam plastic. The time constant of the move- 
ment was | msec, a rise time as short as this being obtained by augmenting the start of the 
energizing current with the discharge from a 500 »F condenser. The speed of movement of 
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the stimulator was therefore slow compared with the movements of a crystal stimulator, but 
was fast enough compared with the latencies obtained from the preparation. The stimulator 
could be triggered by hand or by relay from an electronic pulse generator, so that intensity, 
duration and repetition rate could be conveniently controlled. 

For galvanic polarization a constant-current stimulator was used, with which small 
- eurrents in either direction could be smoothly and slowly altered (the circuit was described 
by Lowenstein, 1955). 

The temperature of the skin was changed by bringing close to it a hot glass rod, an 
electrically-heated coil or a metal container cooled with solid CO,. Slower changes of tem- 
perature were obtained with a 12 mm cube of semiconductor materials held 1-2 mm from 
the skin; temperature gradients in either direction were established in this ‘inverse thermo- 
pile’ by the thermo-electric effect of an applied current. Skin temperatures were monitored 
with a fine thermocouple junction resting in the mucous layer covering the skin. 

In the anatomical investigation axons were stained with methylene blue and followed in 
whole mounts, and myelin was seen in sections of skin which had been treated with fixatives 
containing osmium tetroxide. 


Fig. 1. The terminal ramifications of two cutaneous nerve fibres in the skin about 
2 mm anterior to the upper lip of Raja clavata, drawn from a whole-mount stained 
with methylene blue. a, part of subdermal plexus; b, point of branching, resulting 
in two fibres which reach the surface in separate channels through the stratum com- 
pactum; ¢, where the fibres pass up through the stratum compactum; d, estimated 
end of myelination. 


RESULTS 
Anatomical 


In whole mounts the dermal plexus can be clearly seen. At intervals, 
small bundles of one to eight fibres branch off and run outwards in 
channels through the stratum compactum (Figs. 1, 2). The fibres are 3-6 
in diameter, and the channels through the stratum compactum are about 
1 mm apart in the upper-lip region of a large fish; the fibres are usually 
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Fig. 2. Transverse section through the skin of R. clavata about 2 mm anterior to 


the upper lip, showing the extent of the epidermis and upper layers of the dermis, 
and the course of the myelinated fibres through the stratum compactum (fixation 
with osmium tetroxide, otherwise unstained). e., epidermis; st. P-» stratum spongio- 
sum; st.co., stratum compactum. Scale, 100 p. 
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accompanied by a small artery and vein. The fibres then run laterally in 
the stratum spongiosum for several hundred microns before ending there 
or in the epidermis; the exact location of the endings has not been studied. 
The myelination ends about 100 yu distal to the point of emergence of the 
fibres from the stratum compactum. The possible effect of fibre branching 
_ on the recorded potentials is discussed later, and so it is important to know 
to what extent it occurs. As can be seen in Fig. 1, the non-myelinated 
terminals branch extensively, but these divisions are all distal to the 
stratum compactum. There are also divisions of the myelinated fibres in 
the subdermal plexus, and the resulting branches usually run through 
different channels in the stratum compactum. The thickness of the 
different layers in upper lip skin (Fig. 2) is typically: epidermis, 350 :.; 
stratum spongiosum, 50 »; stratum compactum, 150 uw. The corresponding 
dimensions for the skin over the gill bar are, for example, epidermis 100 ,., 
stratum spongiosum virtually absent, and stratum compactum 100 p. 


Occurrence of the cutaneous action potentials 


Ifa pithed ray is laid ventral side up with an indifferent electrode making 
contact somewhere with the body, diphasic action potentials can upon 
application of a suitable stimulus be recorded with a wire electrode gently 
touching the surface of the skin (Figs. 3,.4). The wire need not be parti- 
cularly fine (0-1-0-2 mm diameter) and the potentials can be recorded 
from almost any part of the skin where it is not too thick. The ventral 
surface of the snout gives the best results, especially on the flaps of skin 
beside the nares and on the fold of the upper lip, but similar potentials 
have been recorded from the rest of the ventral surface, dorsally from the 
margin of the spiracle and from the pharyngeal epithelium, especially from 
the gill bars. In Scyliorhinus the denticles make recording from the out- 
side skin impossible, but action potentials can be recorded from the 
pharyngeal epithelium, again most clearly from the gill‘bars. Single units 
can be identified by their constancy of spike size and regularity of dis- 
charge, located at 0-25-2 mm spacings, agreeing with the density of inner- 
_ vation found anatomically. For example, on the upper lip of a small ray 
(span 15 cm) it is almost impossible to isolate a single unit, but this can 
easily be done in a bigger fish (span 40 cm) where the separate units are 
1mm apart. ‘Further forward on the snout of a big fish the units were 
detected at spacings of about 2 mm. 

The recorded size of the potentials varies with the extent to which the 
skin has dried. The mucous covering retards desiccation of the skin so that 
_ at room temperatures below about 18° C recording is possible for at least 
4-5 hr after the fish has been taken out of the water and killed; the larger 
the fish, the longer the preparation lasts. As the mucus dries, the size of 
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the potentials increases, and values of 100-150 »V have been obtained rigic 
(Fig. 4). Wetting the skin reduces the size of the recorded potentials, and reco 
will normally make them too small to be distinguished on the oscilloseope )  FeCO 
above the noise level of the amplifier, although they may still be heard in nece 
the loudspeaker. The skin covering the gill bar is more delicate than that 
on the surface of rays and dries up more rapidly; gill preparations were 
| P 
b d the 
one 
deri 
pola 
Fig. 3. Action potentials recorded from the skin of rays showing some of the 
various shapes and durations which are found, Deflexion is upwards when the 
recording electrode is positive relative to the indifferent electrode. 
Fig. 4. The response of two separate cutaneous fibres to maintained : mechanical — 
stimulation, showing their rapid adaptation. In each record the lower trace marks 
the duration of the stimulus. Time scale, 1 sec. Voltage calibration for upper record, 
50 pV. 
therefore normally kept under liquid paraffin. Treatment with 2% novo- : 
cain abolished the potentials, the test being made after an interval to allow 
for suitable drying. | 
The potentials occur in response to mechanical, thermal, chemical, and } 
electrical stimulation; however, chemical stimulation is only possible by 
means of vapours such as ammonia or hydrochloric acid, since aqueous | R 
solutions prevent recording. Mechanical stimuli were applied either by of tl 
touching the skin alongside the recording electrode—a nylon filament com 
exerting a force of less than 5 mg wt. or a movement of about 20 » with a - first 
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rigid probe were adequate—or more easily by altering the pressure of the 
reco: ding electrode itself. In practice, when searching for suitable units for 
recording the act of touching the skin with the electrode provided the 
necessary stimulus. 
The individual action potentials 

Polarity. The first phase of the potentials is always positive, recorded at 
the electrode resting on the skin over the stimulated nerve ending. In only 
one instance out of several hundred records was the first phase negative. 
The polarity was checked by direct comparison with calibration voltages 
derived simply from a battery, and did not depend on the advertised 
polarity of a ready-made calibrator. 
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- Duration of positive phase (msec) 


Fig. 5. A. The duration and proportions of the recorded potentials; the ratio of 
heights of the negative and positive phases is plotted against the duration of the 
positive phase. The symbols refer to the duration of the negative phase:o, < 2°5 
msec; @, > 2-5 < 4-5 msec; +, > 4-5 mséc. B. Method of measuring the duration 
of the positive and negative phases. 


Relative amplitude of positive and negative phases. The relative amplitude 
of the positive and negative phases varies considerably. A few units are 
completely monophasic, and in a few the second phase is larger than the 

- first; Fig. 5 shows the spread in a sample of 100 units. From this it can be 
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seen that there is a slight tendency for short-duration spikes to be more 
nearly diphasic than the longer ones. There is also a tendency for potentials 
recorded soon after the death of the fish to be more nearly diphasic than 
those recorded later. Because the shape of recorded potentials may be 
distorted by the amplifying system, a time constant of 1 sec was at times 
used. There was no difference in the shape of the recorded potentials. 
Duration. The potentials are considerably longer in duration than those 
recorded from the same nerve fibres on their way to the o.N.s. (Fig. 13). 
In the sample of 100 units, the mean duration of the positive phase was 
1-9 msec, with a range from 1 to 4 msec (Fig. 5); the negative phase is 
approximately twice as long as the positive, but there is much variation. 
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Temperature (°C) 


Fig. 6. The dependence of the duration of the positive mr on 
: temperature in a single unit. 


These values refer to records made at temperatures of 16-20° C; at higher 
temperatures the potentials are shorter, and at low temperatures longer 
(Fig. 6). In eight units studied in detail, the Q,, for the duration ranged 
from 1-2 to 2-3, with a mean of 1-6. The amplitude of the potentials, too, 
was reduced on warming. 


Double spikes. In a few records a double peak was found to either the 


positive or the negative phase (Fig. 3g). There are two possible relation- 
ships of the double potentials to the mechanical stimuli which give rise to 
them: either they are the first, and often the only response to the onset of 
a light touch, or else they occur consistently, forming all the potentials of 
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the repetitive response to a maintained touch. There is evidence that in 
the former instance the potentials are compounded of two or more 
separate, simple, diphasic potentials; on occasion, by reduction of stimulus 
intensity, the second peak is lost and the amplitude of the potential is 
reduced in a quantal manner. Such quantal changes in amplitude also 
occur even when the compound potential has a simple shape without a 
double peak. When the point of stimulation is changed, the shape of the 
compound potential is also altered; for example, a change from a stimulus 
position 1mm away from the recording electrode to pressure with the 

recording electrode itself resulted in a change from a double-peaked 


potential to one of simple diphasic shape but of greater amplitude and — 


shorter duration. 

On the other hand, when the double-peaked potentials occur repetitiv ely 
during maintained stimulation, they are all-or-none. However, their shape 
can be altered by change of stimulus position. 

Triphasic potentials occur at occasional recording sites, especially in gill 
preparations (Fig. 11). 

Latency. The latency of initiation of an impulse on sudden mechanical 
stimulation varies with the strength of the stimulus and with temperature 
(Fig. 7). As the stimulus intensity is increased above threshold so the 
latency is reduced, but the curve flattens out at a certain minimum value 
irrespective of further increases in the strength of the stimulus. There are 
therefore two values which can be given for the latency of any unit, a 
maximum at threshold, and a minimum; both show considerable variation, 
minimum values ranging from 2-2 to 20 msec with a median value of about 
5 msec, and maximum values ranging from 6 to 70 msec with a median 
value of 15 msec (measured at 16-20°C in a sample of 23 units). In a 
further 20 units the full intensity—latency relationship was not obtained, 
and single values at intermediate stimulus intensities ranged from 2-7 to 
16 msec. These intermediate stimulus intensities were employed because 
at threshold the latency became variable, and so was unsuited for experi- 
_ mentation, while strong stimuli could not be used 7 without the 
preparation changing in sensitivity. 

The effect of temperature on the intensity—latency curve illustrated in 
Fig. 7 is typical in that there is a general shift of the curve downwards on 
_ warming. But the comparison of latencies at different temperatures is not 

_ always as simple as in this unit, for there is commonly a change of sensi- 


tivity of the unit with change of temperature. This change of sensitivity — 


may be in either direction, and means that a certain value of stimulus 
strength is not equivalent at each temperature, and therefore the latency 
will not be equivalent (since latency depends on stimulus intensity). 
Unless it can be seen that the curves lie below one another, and are not 
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displaced laterally, the comparisons of latency at different temperatures 
must be restricted to the minimum and threshold values. The relationship 
between latency and temperature in a number of preparations is illustrated 
by Fig. 8; the mean value for the — coefficient (Qo) is 2°1. 
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Fig. 7. The relationship between latency of impulse initiation following a mech- 
anical stimulus, and the strength of that stimulus, recorded at three different 
temperatures. Near threshold the latency was variable. 


Stimuli have been applied which are considerably shorter in duration 
than the latency. When this is done the latency remains the same, what- 
ever the stimulus duration, unless the latter is so short that the mechanical 
stimulator has insufficient time to reach its maximum movement, i.e. less 
than 2 msec. Thus, for example, in one preparation a latency of 5-5 msec 
followed the onset of mechanical stimuli of both 2 and 10 msec duration, 
and in another a latency of 18 msec followed a stimulus of 6 msec duration. 

The absence of intermediate minimum latencies of about 7 msec (at 
18° C), which Fig. 8 illustrates, is found in the whole sample of 40 units 
whose latencies were measured, but it is not yet possible to er what 
significance, if any, should be attached to it. 

In general, gill preparations have shorter latencies than have skin 
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preparations, their minimum values ranging from 2 to 5 msec with a mean 
of 3:8 msec (8 units). 

‘ Refractoriness’. The preparation exhibits ‘refractoriness’ of cotedblianshide 
duration. This can be shown in two ways: qualitatively, when, for example, 
a test stimulus is applied at various intervals after 10 or 15 sec maintained 
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Fig. 8. ‘The dependence of latency on temperature. The dotted line in the upper 
right corner has been drawn with a slope corresponding to Q,) = 2. 


pressure, the interval has to be 2-5 sec before the response to the test 
stimulus is as great as to the onset of the preceding maintained pressure. 
Quantitatively, it is easier to work with regularly repeated stimuli, and to 
observe the latencies of impulse initiation at different frequencies and 
intensities of stimulation. Since for single stimuli latency varies with 
intensity, the changes in latency afford a sensitive indicator of the changes 


SS 


R. W. MURRAY 


in effectiveness of the stimulus. As the frequency increases so also does 
the latency, until at a sufficiently high frequency the response is lost 
altogether. But the latency can be reduced again by increasing the in- 
tensity. Thus the results can be brought into line with conventional repre- 
sentations of refractoriness, and the strength of stimulus required to main- 
tain a certain latency (i.e. an effectively constant stimulus) can be plotted 
against frequency (i.e. interval between adjacent stimuli) as in Fig. 9. 
A true value for the absolute ‘refractory’ period cannot be given, for if a 
very strong stimulus is used, the subsequent responses are not reliable. It 
can be seen from Fig. 9 that relative ‘refractoriness’ extends to frequencies 
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Fig. 9. ‘Refractoriness’ to repetitive mechanical stimulation. The stimulus in- 
tensities required to maintain the latency at constant values are plotted against the 
repetition rate. 


of at least one every 2 sec, and this is typical. At the onset of repetitive 
stimulation at a fixed frequency and intensity, the latency progressively 
increases over the first 5 sec from the value for a single stimulus up to that 
characteristic of the particular frequency and intensity selected. 

Preliminary experiments indicate that ‘refractoriness’ is scarcely 
affected by changes of temperature; this measurement is not, however, 
easy to make, since the most readily detected sign of the ‘refractoriness’ 
_ is the change of latency, and the latency will be changed at the new tem- 
perature both directly and as a result of possible changes in sensitivity of 
the unit. Thus changes in ‘refractoriness’ with temperature can only be 
assessed if the intensity-latency relationship and the absolute sensitivity 
of the preparation are found for each temperature. Few preparations re- 
mained unaltered in sensitivity as a result of the long series of mechanical 
stimuli which such testing inyolved. 

As a qualitative test, at a number of temperatures, the stimulus in- 
tensity was set at a point about half way between threshold and the lowest 
value for minimum latency; for example, if the preparation illustrated in 
Fig. 7 had been used, a value of about 50 would have been chosen for the 
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intensity. The frequency of stimulation was then increased, and at a 


 gertain point the latency was found also to start increasing, indicating the 


onset of relative ‘refractoriness’; this frequency was found to be un- 


_ affected by changes of temperature. 


Antidromic stimulation 

In the gill preparations (usually of Scyliorhinus) the sensory nerves 
running from the skin of the pharyngeal face of the gill bar are readily 
accessible (Fig. 10.) and so antidromic impulses can be initiated in the 
cutaneous fibres by electrical stimulation of the exposed nerve; these anti- 
dromic impulses can then be recorded by the electrode on the skin surface 
(Fig. 10B). A direct comparison is therefore possible between impulses 
initiated by mechanical stimulation at the electrode and the antidromic 
impulses. The former will here be referred to as orthodromic although this 
description may be technically incorrect. Figure 11 shows an example of 
such a comparison; it can be seen that the shapes are similar and that 


the polarity is the same. Both orthodromic and antidromic impulses 


are recorded with the positive phase first. 

In these experiments the pre-trematic branch of the nerve which runs to 
the posterior face of the gill bar was used because it contains fewer fibres’ 
than the post-trematic branch, and none of them are motor (Goodrich, 
1930). Certainly no muscle activity was seen when the nerve was stimulated. 

The antidromic impulses are most easily recorded, and are largest, at 
sites where orthodromic impulses are also readily obtained, namely the 
ends of the large papillae (Fig. 10 B), and the row of small lumps which lie 
between them. Over the course of the nerve abreast these recording sites, 
the antidromic impulse was much smaller and it could barely be detected 
by an electrode touching the nerve itself where it emerged from the gill 
tissues into the dissection cut. The recorded potentials could not be some © 


~ kind of stimulus artifact, as the stimulus was only 50 or 150 psec long, and 


the recorded potential followed it with a latency (depending on the dis- 
tance) of 1-2-5 msec. 


Simultaneous nerve and skin recording 


With the gill preparation described in the last section it is scinati to 
record not only from the surface of the skin but also from the branchial 
nerve, which can be thinned down by dissection until only a few intact 
fibres are left; the region of skin which is served by these fibres can then be 
identified, and when this region is touched by an electrode connected to a 
second recording channel and stimulated mechanically, impulses are re- 
corded in both channels with a 1:1 relationship between them (Figs. 12, 
13). The two recorded potentials have distinct shapes and durations, the 
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Stim. 


5 mm Rindif. 
msec 

Fig. 10. Antidromic stimulation of gill preparations. A. Anatomical diagram 
indicating the method of recording and the sites (R,_,) from which the records in B 
were obtained. Stim., stimulating electrodes on the branchial nerve; Ring, the 
indifferent recording electrode. B. Antidromic activity at four sites on the gill bar 
when the nerve was stimulated electrically. Deflexion upwards represents the 
recording electrode positive to the indifferent electrode. The stimulus artifact is 
indicated at the beginning of each trace. 


Fig. 11, Potentials recorded from the same site on the surface of the gill bar. A. 
Mechanical stimulation of the skin ; B. Electrical stimulation of the branchial nerve; 
C. 25 wV rectangular calibration pulse. 
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potential from the skin lasting much longer than the nerve potential. The 
skin potential starts before the other, usually by less than 1 msec, although 
the slow rise of its positive phase makes the exact timing difficult to deter- 
mine (Fig. 13). This time interval of less than 1 msec may be compared 
with the 1-2-5 msec required for antidromic propagation over the same 
distance, as described on p. 557. A possibleexplanation of the difference in the 


Fig. 12. Action potentials ded simult sly from the branchial nerve (upper 
trace) and from the surface of the gill bar (lower trace) during mechanical stimu- 
lation near the latter site. Time scale, 0-1 sec. The record runs continuously from top 
left to bottom right. 


two time intervals will be discussed later, but since it may depend on the 
detailed spatial relationship of stimulating and recording sites, it may be 
noted that in the experiment illustrated in Fig. 12 the mechanical stimulus 
was applied at the base of one of the papillae and the recording electrode 
was at the tip, i.e. 1-5 mm away. 

Even when the simultaneous double recording was not obtained, it was 
clear that the latency and ‘refractoriness’ of the action potentials recorded 
from the pre-trematic branchial nerves on mechanical stimulation of the 
gill bar were similar to those of the potentials recorded vied from the 
surface, | 


Galvanic polarization of the skin 
Additional evidence about the site of impulse origin can be obtained 
from experiments in which the process of impulse initiation is affected by 


a direct current passed into the skin from an electrode close alongside or 
| 36-2 


| 
é 


surrounding the recording electrode; the preferable method of using the 
recording electrode itself for stimulating was not satisfactory in this case 
because the current strength was such that the recording became noisy 
even with non-polarizing Ag/AgCl wire. The results were not entirely clear- 
cut, but of those units in which a definite change of impulse discharge 


frequency could be identified on altering the current, 60 out of a total of — 


75 units were excited by an anode on the skin and inhibited by a cathode. 


Fig. 13. Action potentials recorded at the same time from the branchial nerve 
(upper trace) and from the surface of the gill bar (lower trace) on mechanical 
stimulation. The records have been superimposed so that the branchial nerve 
potentials coincide. 


In some units the shape of the recorded potentials could be clearly seen to 
be altered by the current. In all these it was surface anodal which was 
excitatory and this was accompanied by a decrease in the height of the 
positive phase and an increase in the negative. 


Cutaneous nerves as sense organs 


_ The cutaneous nerves were found to have the type of sensitivity expected 
of free nerve endings in lower vertebrates and therefore this aspect of their 
function was not studied in detail. 

The sensitivity of the response to mechanical stimulation has already been 
mentioned (p. 550). In response to such stimulation a rapidly adapting 
train of impulses is evoked (Fig. 4); the time for adaptation to be three- 

_ quarters completed ranges from 1 to 5 sec. In preparations several hours 
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old the adaptation may not be complete, and an irregular ‘resting’ dis- 
charge continues at a low frequency all the time the recording electrode 
is touching the skin. It is of course impossible to record from skin without 
stimulating it and so the question of spontaneity cannot be discussed. 
Responses to both warming and cooling have been obtained—that. is, 
some units fire faster when warmed and slower when cooled, and others 
faster when cooled and slower when warmed (Fig. 14). It is only possible 
to detect decreases in frequency when there is incomplete adaptation to 
maintained mechanical stimulation, but an assessment can be made by 
observing the change in the transient response to a standard mechanical — 


stimulus applied during the warming or cooling process. 


— 


30 


Time (sec) 


Fig. 14. The response of cutaneous fibres to thermal stimulation. A, a ‘warm’ 
fibre; B, a ‘cold’ fibre. Lower trace, impulse frequency ; upper trace, temperature. 
The resting activity in B was ‘spontaneous’ in that there was no stimulation other 
than the contact with the recording electrode. 


If the change of temperature is relatively slow, i.e. less than 1° C/sec, 
then warming from room temperature (19-20° C) to about 30° C initiated 
continuous activity; but if the rate of change was more rapid (more than 
1-5° C/sec) then the threshold was 2—3° C above room temperature. 

The greatest cold sensitivity was found in one unit which had the usual - 
response to a standard mechanical stimulus of a brief burst of two to three 
impulses; it ceased to nd when warmed from 20 to 20:8° C in 2 sec, — 
but when the temperature remained steadily at 20-8°C the response 


peturned. 


‘Hot fibre’ spikes, initiated by temperatures about 30° C, were small, 
and ‘cold fibre’ spikes were large. This does not, however, necessarily 
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indicate a difference in the fibre size because of the direct effect of tem- 
perature on spike amplitude. 

Chemical stimulation was applied by holding a drop of concentrated 
ammonia solution close to the skin (the temperature of the skin did not 
alter by more than 0-5° C). In most preparations after about 15 sec a non- 
adapting discharge took place, with impulses similar in size and shape to 
those resulting from mechanical stimulation at the same site. As might be 
expected with such a noxious stimulus, the nerve was usually damaged by 
this process. Gill preparations were more sensitive than skin, and re- 
sponded within 2-3 sec to both ammonia and strong hydrochloric acid. 


DISCUSSION 
Are the recorded potentials of nervous origin ? 

Because it is unusual to be able to record nerve action potentials in the 
way described here, it is as well to review the evidence which suggests that 
they are in fact sensory nerve impulses. 

First, on general grounds, the rapidly adapting response to mechanical! 
stimulation is what might be predicted from a knowledge of other verte- 
brate cutaneous sensory nerves; the thermal and chemical sensitivities are 
also what might be expected. Secondly, the. distribution of the recorded 
potentials over the skin of the ray agrees with the details of the cutaneous 
innervation observed histologically, and in particular the spatial separation 
of the different electrically-recorded units is similar to the anatomically - 
visible separation of the small bundles of fibres which run up through the 
stratum compactum of the dermis. Thirdly, the potentials are the same as 
those which can be recorded from the surface of the skin when the nerve 
at a distance is stimulated electrically and antidromic impulses arrive at 
the nerve endings. Fourthly, when simultaneous recofds are made of the 
potentials in skin and nerve, the 1:1 relationship between them indicates 
that it is the same impulse which is recorded at the two sites after propaga- 
tion. It is most unlikely that the two records represent the same uniquely 
localized potential picked up by the two separate pathways because the 
difference in the duration would be most improbable. One can contrast 
the recording of the e.c.g. with various leads, where, although the pattern 
of potentials appears very different, it is only in the amplitude and sign 
that there are differences and never in duration. The time interval between 
the two records is discussed in more detail below. 

Although there is some evidence that the potentials which have been 
recorded are the result of activity in more than one fibre, this does not alter 


the argument, since the synchronization between them is so exact. This 
question will ” further discussed later. 
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_If it is accepted that the recorded potentials represent the impulse 
activity in the cutaneous nerve fibres, there are a number of points which 
have to be explained. These include the polarity and shape of the indi- 
vidual potentials, their duration and latency, the long ‘refractoriness’ and 


the fact that they can be recorded at all without ee or the use of 


micro-electrodes. 


The characteristics and site of initiation of the potentials 

It will be convenient at this point to indicate briefly the hypothesis to be 
proposed : it is suggested that the effect of the mechanical stimulus on the 
nerve endings is transmitted by a means not experimentally detectable to 
a point some distance away on the stem axon where an action potential 
is initiated. From this point impulses are propagated both centrally 
towards the o.N.s. and also back towards the skin, and it is the latter 
antidromically-directed impulses which are recorded by the electrode on 
the surface. | 
_ The recorded potentials are in general diphasic. There are two possible 
causes of this: either there is a potential of the same sign affecting first one 
electrode and then the other, or alternatively the electrical events are all 
at the same site, but consist of an action potential with a large after- 
hyperpolarization. The latter explanation is unlikely because of the 
rapidity and size of the negative phase in many of the records; it is also 
improbable than an after-hyperpolarization would be as large as three- 
quarters of the amplitude of the action potential, and yet nearly half the 
records have as much or more than this. On the other hand the long dura- 
tion of the negative phase does not look like a normal action potential and 
the interval between the peaks of the positive and the negative phases is far 
longer than is found in the diphasic potentials of normal axons. But of 
course the nerve endings are not normal axons, and it is justifiable to look 
for similarities among other structures where impulses are initiated, for 


example in the frog muscle receptor, where the prepotentials in the fine 
terminal branches of the sensory nerve have a relatively long time course 


(Katz, 1950), and in central nervous dendrites where the time relationships 
of impulses (when they occur) are much longer (up to 15 msec) than in 
normal axons (Purpura, 1959). 

In discussing the reasons for the polarity of the recorded potentials it 


will be assumed that they are normal negative spikes and that it is the 


spatial relationship of the nerve and electrodes that causes the first phase 
to be recorded as positive. For example, an electrode on the cut end of 
a nerve records monophasic impulses as positive relative to an indifferent 
electrode (e.g. Murray, 1956), and in the same way here the electrode on 
the surface may be ‘seeing into the inside’ of the nerve. Inthe case of a nerve 
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lying in a volume conductor of relatively high resistance, with one elec- 
trode on the nerve and the other at a distance, the electrode on the nerve 
will detect an approaching or receding impulse as a positive-going poten- 
tial, and only when the impulse arrives will it be recorded as negative. In 
practice, the activity of single units cannot be detected unless the nerve 
is arranged to pass across a high-resistance region between the electrodes, 
and this normally is provided by an air gap or paraffin. However, there is 
something corresponding to such an air gap in the skin, and that is the 


dense fibrous layer, the stratum compactum, in the dermis, through which | 


small bundles of fibres pass. If this is the high-resistance region, then the 
positive phase will represent activity of the nerve on the deep side (the 
side further from the surface of the skin) and the negative phase activity 
at the surface side. Impulses in the nerve entirely on the deep side of the 
stratum compactum, or electrical changes in the nerve endings in the 
superficial dermal and epidermal region will not be recorded because they 
will be short-circuited by the relatively low-resistance tissue fluids. 

Tn the experiments the skin must be allowed to dry before the potentials 
are recorded at full height; it seems therefore that a relatively high hori- 
zontal resistance of the superficial layers is essential, as well as the high 
resistance of the stratum compactum. But if the superficial layers have 
too high a resistance, as in mammals, nothing is recorded. The mucous 
secretion covering the skin in elasmobranchs is also important in allowing 
the potentials to be recorded, for it prevents complete desiccation. In 
the gill preparations, where the epidermis is much thinner, the skin is 
mechanically less robust and does not survive so well in experiments. The 
high electrical resistance of the skin may well be important naturally in 
connexion with the electrical sensitivity of the ampullae of Lorenzini 
(Murray, 1960). 

Apart from detailed anatomical considerations of the exact localization 
of the site of impulse initiation in relation to the stratum compactum, the 
positive-negative sequence of polarities indicates that the impulse is 
approaching the electiode on the skin; the result of antidromic electrica! 
stimulation which gives rise to potentials with the same positive-negative 
sequence shows that the impulse is approaching from the direction of the 
stem axon, so even with ‘orthodromic’ stimulation the actual recorded 
impulse is moving antidromically. This means that the first potential 
changes large enough to be recorded must occur at some distance from the 
nerve endings, a distance great enough to allow of antidromic propagation. 
The extent to which the action potential propagates back into the upper 
layers of the skin will determine the diphasic shape of the recorded poten- 


tials. It is reasonable to suppose that the site of action-potential initia- 


tion is near the deep side of the stratum compactum, at a point, for example, 
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300 » or more from the end of the myelination. Further evidence for the 
distance from the nerve endings will be discussed later. 

The results of the experiments in which galvanic polarization was used 
are relevant here. The fully documented and consistent experiments in 
which anodal polarization of the skin resulted in an increase of frequency, 
or initiation of impulses, together with a decrease in the size of the 
positive phase and increase in the negative, support the hypothesis of 
initiation of impulses at a distance from the ends of the fibres. One can 
assume that the impulses start from a region which is depolarized rather 
than hyperpolarized by the stimulating direction of current, and this can- 
not be the ends of the fibres for they are nearest to the anode. It is also 
reasonable to find that the height of the positive phase of the action 
potentials is reduced by such stimulating currents if the positive phase 
corresponds to the occurrence of the action potentials at the region and 
moment of initiation (see also Murray, 1956, for a similar argument). 

The time relations between the potentials recorded from the gill skin — 
and the pre-trematic nerve branch can now be discussed. Since antidromic 
impulses which have been initiated by electrical stimulation of the nerve 
take 1-2-5 msec to reach the skin, one might suppose that orthodromic 
impulses resulting from mechanical stimulation of the skin should be 
recorded 1--2-5 msec later from the nerve than from the skin. However, 
the two situations are not comparable, since the antidromic impulse has to 
travel the full distance between the electrode on the nerve and the skin, 
whereas the orthodromic impulse starts at some intermediate site, and 
propagates in both directions, both backwards to the skin and onwards in 
the nerve. It is only necessary to postulate that the short distance of anti- 
dromic propagation to the skin is covered at a slower rate than the longer 
orthodromic pathway to the electrode on the nerve, and the short interval 
between the two recorded potentials can be explained. The slower con- — 
duction in the terminal region is reasonable since it agrees with the longer 
duration of the potentials (three times longer, for example) and the longer 
interval between the peaks of the positive and negative phases. However, 
it may also be necessary to postulate that the site of impulse initiation is a 


little distance down the nerve and not directly under the stratum com- 


pactum. In the preparation which is illustrated in Fig. 12 the stimulus 
was located 1-5mm distant from the recording electrode, and so it is 
possible that the impulse was started in a branch of the fibre too distant 
for the activity in its terminal region to be detected by the recording elec- 
trode. So impulses would propagate both centrally to the recording 
electrode on the branchial nerve and from the point of range anti- 
dromically to the recording electrode on the skin. 

_ An explanation of the double-peaked potentials can also be given. Such 
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compound potentials obviously result from the nearly simultaneous occur- 
rence of simple diphasic potentials in two or more fibres, so what is needed 
is an explanation of the synchronization. When the double peak follows 
the onset of the mechanicakstimulus it is clear that two or more fibres are 
being stimulated, because of the lack of all-or-none properties of the 
potential. If, by chance, the two impulses follow the stimulus with different 
latencies; they would combine to give the compound recorded potential. 
Altering the position of the stimulus alters the relative latencies and so 
changes the recorded shape. But when the double-peaked potentials are 
all-or-none, and form a repetitive series, the synchronization is more 
difficult to explain. The anatomical picture shows that there are at least 


two to three fibres running in each channel through the stratum compactum, — 


and it is just possible that these fibres lie so closely together that the 
activity of one regularly triggers off the activity of another. But this 
explanation is less likely than that the double potentials are due to the 
branching of the fibre concerned deeper in the dermis, so that the impulse 
propagating centrally also returns to the skin in a collateral branch, 
possibly through an adjacent channel, with a resulting delay of about 
1 msec (i.e. a small-scale axon reflex). The two branches would have to be 
close enough for their activity to be recorded by the same electrode. The 
fact that a change in the site of stimulation results in a change of shape of 
the compound potential can also be explained if the impulse comes to be 
initiated in the second rather than in the first branch, or in both at once. 
The triphasic potentials presumably result from the superposition of simpler 
potentials of different durations and shapes; it does not seem profitable 
to analyse them further at this stage. | 


The events at the nerve endings 


There remain the related problems of how the events at the ends of the 
fibres resulting from the stimulus bring about initiation of all-or-nothing 
propagated impulses in the stem axon some 300 » away, and of the long 
latency which this process involves. In the sequence of events: mechanical 
stimulus—depolarization of the nerve endings—depolarization of stem 
axon—impulse initiation, it is possible that the delay may occur at any 
stage; but although the hypothesis of chemical stimulation of the nerve 
endings by substances released by the surrounding epidermal cells could 
account for the observed latencies even after short stimuli it seems un- 
necessary in the present context, and evidence from other cutaneous 
receptors does not require it. 

It will therefore be assumed that mechanical stimulation can produce 
almost instantaneously in the nerve endings a receptor potential (ter- 
minology as in Davis, 1961) which is graded in size and probably in extent 
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according to the strength of the stimulus. The simpler explanation is then 
merely that the terminal non-myelinated endings of the fibre are not. 
capable of generating an action potential, or at least have a progressively 


_ higher threshold towards the ends. So the effect of the receptor potential 


at the tip spreads proximally by local currents as does applied electrotonus 
and, if necessary, by summation with the effects in the adjacent branches, 
causes a depolarization adequate for impulse initiation in the myelinated 


~ stem axon (i.e. the receptor potential is here also a generator potential). 


There would therefore be little effective delay between stimulus and the 
onset of the depolarization in the stem axon, and the latency must be 
accounted for in terms of slow depolarization such as Hodgkin (1948) 
found in the non-myelinated axons of the crab leg under d.c. stimulation 
(what he called the response time). The action potential, once initiated in a 
region where the threshold is low, would be an adequate stimulus to the 
less sensitive regions lying more distally, and the impulse would propagate 
some distance antidromically back towards the endings as well as pro- 
pagating normally on towards the o.n.s. This would account for the 
negative phase of the recorded potentials. 

This explanation is plausible, and does not require any mechanisms in 
the nerve ending other than those which are known to be present in sense 
organs such as the Pacinian corpuscle (Gray, 1959; Loewenstein, 1959). 
But it is hard to explain how the initiation of an impulse can regularly 
occur as long as 20 msec after the end ofa short-duration mechanical 
stimulus unless the mechanism of the connexion between nerve ending and 


stem axon is a propagation and not just electrotonic spread, i.e. something 


which is triggered and is then self-maintaining, and not just dependent on 
what is happening at the end of the fibre. The dependence of latency on 
temperature is a further argument in favour of an active propagation. 

If then there is a propagated prepotential travelling between the nerve 
ending and the region of the stem axon where full-sized action potentials 
are initiated, there must be some reason why it is not detected as it passes 
down through the stratum compactum, for it is the activity of this part 
of the nerve which give®rise to the negative phase of the diphasic potential. 
It has been assumed that a potential is recorded when there is a difference 
between the membrane potentials in a nerve fibre at each side of a high- 


resistance layer in the skin (presumably the stratum compactum); so the 


absence from the record of an indication of the prepotential can mean 
either that it is of too small an amplitude (but potentials one-twentieth of 
the size of the positive phase would have been identified in some of the 
preparations) or more likely that the prepotential is of relatively long 
duration and propagates slowly (the long latency suggests this in any case). 
The slowly rising and slowly moving prepotential would not then result in 
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a great difference between the two recording electrodes (small spike size 
and slow propagation are usually found together in other nerves). 

The only other evidence for what is happening in the nerve endings comes 
from the variations of latency with temperature and stimulus intensity. 
The variations with temperature do not require any specific type of pre- 
potential, but the variations with stimulus intensity may be due either to 
the fact that the prepotentials are graded in size according to the stimulus, 
and so in speed, or else that the stronger stimulus starts off the pre- 
potentials from a point further from the end of the fibre, so that they have 
not so far to travel before they reach the site where the all-or-none potentials 
originate. The former possibility involves prepotentials of graded ampli- 
tude, which are not yet generally accepted as being a common property of 
nervous structures; however, there is some evidence that graded pre- 
potentials may occur in the dendrites of central neurones (Purpura, 1959). 


‘ Refractoriness’ 

The long ‘refractoriness’ of the preparations is unusual; however, 
Catton (1960) has described something superficially similar from frog skin, 
where the full sensitivity of the cutaneous endings does not return for up 
to 2sec after an impulse has been initiated either by mechanical or 
electrical stimulation. But it does not seem that the two phenomena are 
comparable. In the present experiments in the ray, as in the frog (Loewen- 
stein, 1956), it is probable that the adaptation of the impulse discharge 
to maintained mechanical stimulation is due to a process of ‘accommoda- 
tion’ of the tissues, an actual movement away from the stimulus which 
takes a few seconds to occur, the time resulting from the physical pro- 
perties of the tissues such as their viscosity and elasticity. Even though 
the stimulus appears to be maintained, yet the immediate mechanical 
effect on the nerve endings dies away. If this is so, the same physical 
processes would result in the observed phenomena of ‘refractoriness’. On 
removal of a stimulus, the skin would take several seconds to revert to its 
original position, and therefore the sensitivity would take the same time 
to regain its original value. The main evidence for this explanation is the 

_temperature-insensitivity of the ‘refractoriness’ and the similarity of the 
time course of its onset at the beginning of a repeated train of short 


‘stimuli, the time course of the recovery after a long test stimulus, and the 
time course of adaptation itself. . 


SUMMARY 
1. Diphasic action potentials can be recorded from the endings of the 


cutaneous nerves of elasmobranch fishes. with electrodes resting on the 
surface of the skin. 
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2. The potentials occur in response to mechanical, chemical, thermal 
and electrical stimulation. Rapid adaptation is shown to maintained 
mechanical stimuli. 

3. The first phase of the diphasic potential is positive, recorded by the 
electrode on the skin relative to an indifferent electrode. The duration of 
the potentials is about four times longer than that of the action potentials. 
in the axons of the same nerves. The duration is temperature-dependent, 
shorter when hot, Q,,. = 1-6. 

4. The latency of initiation of the impulses varies inversely with both 
temperature (Qj) = 2-1) and stimulus intensity. For threshold stimuli 
the maximum latencies range from 6 to 70 msec, and with stronger stimuli 
the latency is reduced to 2-2—20 msec. 

5. Antidromic impulses, initiated by electrical stimulation of the 
branchial nerve and recorded by an electrode on the skin of the gill bar, 
have the same polarity and shape as the impulses similarly recorded but 
initiated by mechanical stimulation of the skin. 

6. Impulses recorded from the surface of the gill bar and from the 
branchial nerve occur in a 1:1 relationship with each other. The potentials 
in the nerve are of shorter duration and start later. 

7. The polarity and other properties of the action potentials are inter- 
preted as strongly suggesting that full-sized propagated impulses are 
initiated at a point distant from the nerve endings, and travel both 
centrally and back into the terminal regions of the nerve. 

8. A property similar to refractoriness is described, but it is attributed 
to accommodative changes in the tissues. 


I should like to thank the Director and Staff of the Marine Biological Association’s 
Laboratory at Plymouth for their hospitality and for providing the fish and other facilities. 
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By J. H. Comroz. Cardiovascular Research Institute, University of 
California Medical Center, San Francisco, Calif., U.S.A. 

Regulation of respiration 
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SCIENTIFIC MEETING OF THE PHYSIOLOGICAL SOCIETY 


An apparatus for the measurement of small eye movements 
By G. H. Byrorp and H. F. Stuart. R.A.F. Institute of Aviation Medi- 
cine, Farnborough, Hants | 

A recent investigation connected with the visual sensations experienced 
by a subject seated on a rotating chair required the measurement of eye 
movements of the order of a few minutes of arc. The corneoretinal potential 


is for this purpose unreliable and contains electrical artifacts of biological — 


Fig. 1. Principle of the photo-electric eye movement transducer. Output from 
the photocell is proportional to the illuminated area m—n of the cathode, and is to. 
a close approximation a linear function of the movement of the lamp C@ attached 
to a contact lens A. Diagram not to scale. , 


\ 


Fig. 2. A typical recording of steady fixation. Low gain record A, sensitivity 
4min arc/cm. High gain record B, sensitivity 45 sec arc/em. Timing lines 0-1 sec. 


origin ; the highly sensitive optical techniques using a contact lens require 
space and mechanical rigidity, which under the present experimental con- 
ditions were not available. These disadvantages were overcome by retain- 
_ ing the contact lens and attaching to it an aluminium tube, at the distal 
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end of which a miniature electric lamp was cemented; a simple system of 
optical edges and a photo-electric cell (both attached to a dental bite) 
measured the displacement of the lamp filament and hence also the rota- 
tions of the eye. 3 

_ The principle is illustrated in Fig. 1. Displacement of the lamp C in a 


_ plane perpendicular to that of the edge D, causes the shadow of this edge 


to move across the sensitive surface of the end-window photocell H. Since 
the edge G@ is in fact in close contact with H, the illuminated area of the 
cell cathode is to a close approximation a linear function of the displace- 
ment of C’: the electrical output is taken via a single matching transistor 
to a mirror galvanometer recorder. | 

The bandwidth of the system is limited by resonance of the dalam 
attached to the contact lens—approximately 800 c/s—and by the galvano- 
meter unit. The theoretically available sensitivity is considerably in excess 
of that which it is possible to use in this experimental situation; 45 sec 
arc/em of trace deflexion has been the maximum convenient deflexion 


sensitivity; noise for a 130 c/s bandwidth is then equivalent to 2 sec arc. 


Simultaneous photo-electric recordings and high-speed (1500 frames/sec) 
cine photographs of a scleral blood vessel have shown that for eye deflexions 
up to +10° from the primary visual axis, the lens and its attachments 
follow faithfully the rotations of the eye. Reasonable ambient illumination 
may be employed and normal head movements introduce no detectable 
artifacts. Excluding the 14 V cell for the transistor, the total current 
consumption at 500 V is 100 uA. Range and sensitivity may be changed 
by altering the distance DG, the intensity of the lamp, or the H.T. potential 
on the dynode chain; the recording of vertical eye movements requires the _ 
interposition of a 45° prism between C and D. 


A model of a cell and its molecules 
By E. H. Luacu. University Laboratory of Physiology, Oxford 


scattering by erythrocyte 
By R. H. Kay. University Laboratory of Physiology, Oxford 
Light transmission through blood is a complex of absorption and 


' multiple scattering so resistant to exact calculation and sensitive to 


observing conditions that haemolysed samples are invariably used for 
accurate spectrophotometric analysis. But, in some situations, whole 
blood ‘oximetry’ may be the only usable method. It is then important to — 
calibrate each instrument under the exact conditions of the proposed 


- experiment (cf. Nilsson, 1960). Further investigation of the optical pro- 


perties of red cells may help to evaluate possibilities and limitations of the 
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method in new situations and assist technical development of better 
instruments. 

There are two cases in investigating turbid media where optical density 
computation becomes merely difficult instead of impossible: (1) when no 
radiation is detected which has been scattered out of the forward direction 
of the incident ray, (2) when all radiation is detected no matter how great 
the angle to which it has been scattered. Lothian & Lewis (1956) demon- 
strated the apparent reversal of the intense 420 my haemoglobin absorp- 
tion band in erythrocyte suspensions when only strictly forward trans- 
mitted light is measured; whereas when most of the scattered light is 
collected only a depression of intense absorptions occurs—a smoothing 
down of structure in the absorption spectrum. The purpose here is to 
extend observations of light scattering by erythrocytes to wave-lengths 
relevant in ‘oximetry’ under optically controlled conditions approaching 
condition (1). 

Since no commercial instrument was available which could sufficiently 
_ gatisfy either (1) or (2) above, a new sensitive null-point absorptiometer 
was designed and built in collaboration with R. and J. Beck, Ltd., London, 
in which the optics are suitable for meaningful measurements on turbid 
‘media, in addition to its usefulness as a general purpose absorptiometer 
(Kay, 1960; Beck & Beck, 1961). The instrument will be demonstrated 
with some measurements on washed erythrocyte suspensions (as HbO, and | 
HbCO) in isotonic saline, in parallel-sided optical glass absorption cells 
1mm deep. Extinction by suspensions and absorption by haemoglobin in 
solution are compared by haemolysis of the sample. 

Figure la summarizes measurements on (HbCQO) suspensions, using 
narrow band interference filters at 680 and 805 my and a ‘C’ surface 
vacuum photocell. The optical density is almost entirely due to scattering. 
Single scattering persists only up to red cell concentrations ca. 1/50 of 
normal. At higher concentrations multiple scattering is involved—the 
criterion being deviation from Beer’s Law towards weakened extinc- 
tion. 

Figure 1b adds measurements at shorter wave-lengths [Ilford ‘Spectrum’ 
filters nos. 600 (420 my) and 605 (550 my), with an ‘A’ surface vacuum 
photocell insensitive to the infra-red which these filters transmit also] and 
shows: (1) reversal of the 420 mp absorption band—the ratio, optical 
density ‘420 mpu/550 mu’, being 0-8/1, whereas in the same haemolysed 
sample it is ca. 5/1; (2) that single scattering rather than absorption 
determines total extinction even in these intense bands; (3) that at cell 
concentrations greater than ca. 1 % of normal, multiple scattering is again 
dominant. The dashed lines containing all these observations (and some on 
HbO, suspensions) encompass at. any concentration an optical density 
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range of about two to one, yet the range in haemoglobin absorption 
coefficients exceeds 1000: 1. 

In vivo, multiple scattering is unavoidable and the extinction measured 
is extremely sensitive to the exact geometry of the measuring instrument 
(cf. Lothian & Lewis and Fig. la, ‘Uvispek’). Certainly, existing oxi- 
meters demand independent calibration in each experimental situation, 
since the very reason they measure something resembling haemoglobin 
absorption rather than erythrocyte scattering—a wide reception angle for 
multiply scattered light—implies high dependence of the instruments’ 
indication on optical factors other than haemoglobin absorption co- 
efficients. Extinctions which ‘oximeters’ record (Kay & Coxon, 1957) are 
much less than are measured when only forward scattered light is observed. 
The more closely an ‘oximeter’ approaches condition (2) the more useful 
it is likely to be. 

_ REFERENCES 
Beck, R. & Bxcx, J. (1961).. Pamphlet on ‘The Beck-~Kay Null-Point Absorptiometer’. 

London: Beck, R. and J. Ltd. 

Kay, R. H. (1960). In ‘Medical Electronics’, Proc. 2nd int. Conf., Paris, 1959. London: 
lliffe. 
Kay, R. H. & Coxon, R. V. (1957). J. sci. Instrum. 34, 233. 


Loraian, G. F. & Lewis, P. C. (1956). Nature, Lond., 178, 1342. 
Nuzsson, N. J. (1960). Physiol. Rev, 40, no. 1.1. 


_ A polarographic method for the measurement of the oxygen 
consumption of the saline-perfused rat heart 


By J. R. Wiuiamson. Department of Biochemistry, University of Oxford 


A platinum electrode rotated at a constant speed of 3000 rev/min is used 
to measure the concentration of oxygen in a bicarbonate-saline medium 
after passage through the coronary vessels of the rat heart. The perfusion 
apparatus is based on that used by Bleehen & Fisher (1954) and modified 
by the introduction of two calibration circuits, an electrode chamber, and 
a by-pass circuit for the heart. Fluid passes to the heart from an upper 
reservoir under a hydrostatic pressure of 60 cm H,O and is returned to the 
reservoir by a gas lift through which 5% CO, in oxygen passes. The 
reservoir above the heart has a second outlet and fluid falls to a second gas 
lift, which returns it to the upper reservoir. This by-pass circuit ensures 
that fluid passing into the heart is fully equilibrated with the gas mixture 
of 95 % O, and 5% CO,. The two calibration circuits are simplified versions 
of the heart circuit and contain the same perfusion fluid. They are equili- 


_ brated with gas mixtures containing 5 % CO, and different known mixtures 


of oxygen and nitrogen. The tubes and reservoirs are water-jacketed and 
the temperature of the water is kept constant to within +0-1°C. By 
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means of a system of three taps, fluid either from the heart or from one of 
the calibration circuits is allowed to pass through the electrode chamber 
and on to the appropriate gas lift. The taps are specially designed to allow 
an uninterrupted flow of fluid round the circuits not connected to the 
electrode chamber. The electrode passes through a rubber bung which seals 
the electrode chamber and permits a limited motion of the electrode. The 
electrode consists of a platinum wire fused at one end to a sphere which is 
sealed into a glass tube. A steel sleeve is fitted over the far end of the 
electrode tube and seats in a self-aligning ball-race, which is set eccentric- 
ally in a circular brass disk mounted on the motor shaft of a Fracmo }; h.p. 
synchronous motor. The diameter of the circle described by the platinum 
sphere is 3mm. The anode is a mercury pool in contact with saturated 
KCl which is connected to the perfusion fluid through a layer of agar on a 
sintered glass plate. A well defined plateau on the current-voltage curve is 
not obtained at the high speed of rotation of the electrode which is used. 
Instead a short region of inflexion is seen between — 0-6 and —0-8 V, and 
—0-6 V is normally used as the polarizing potential. The oxygen current is 
recorded on a chart using a Cambridge pen-recording polarograph. 
Electrode drift (i.e. change of the oxygen current with time at a constant 
_ oxygen concentration) is minimized by applying the potential to the 

electrode intermittently for periods of 10 sec each minute. The electrode 
is calibrated before each experiment and every 15 min during it. The 
change of calibration is usually within 5%. The oxygen uptake in pl./min 
is calculated from the product of the arteriovenous oxygen tension differ- 


ence, the appropriate value of the Bunsen solubility coefficient for oxygen, — 


and the flow rate of fluid through the heart. 


REFERENCE 
BuEEHEN, N. M. & Fisuer, R. (1954). J. Physiol. 123, 260. 


The motor innervation of mammalian muscle spindles 
By I. A. Born. Institute of Physiology, University of Glasgow 
The motor innervation of 125 de-afferented muscle spindles, stained with 


_ gold chloride and isolated from a number of different muscles from the - 


hind limbs of eleven cats, was studied. Numerous normal spindles were 
- examined in addition. In spindles from cats in which the dorsal root 
ganglia of segments L5-S2 were removed 3-225 days previously, two dis- 
tinct types of nerve fibre and nerve ending remained. Both types of fibre 
disappear after the lumbar ventral roots are cut and are, therefore, 
somatic motor fibres; they are termed ‘y, fibres’ and ‘y, fibres’. The histo- 
logical evidence suggests that the y, and y, fibres are derived from two 
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types of stem fibre in the muscle nerves, neither of which belongs to the 
@ group. 

The number of motor nerve fibres entering any one spindle varies from 
7 to about 25. Most spindles have from 10 to 15 motor fibres of which 
slightly less than half are y, fibres and the remainder y, fibres. 

Most y, fibres near to the spindles have an axon diameter of 2-5—4 » and 
do not branch extensively. Typically, they continue their course within the 
spindle to their nerve endings with little further reduction in diameter. 
They terminate in discrete motor end-plates always situated on nuclear 
bag intrafusal muscle fibres mostly in the S, and S, regions of the spindle 
(Fig. 1). The number of y, end-plates per nuclear bag muscle fibre 
varies from one to six, with an average of four, and they are not unlike 
extrafusal motor end-plates in form. The nuclear bag muscle fibres, how- 
ever, differ from extrafusal muscle fibres in a number of ways (Boyd, 
1960). 

Close to the spindles y, fibres have an axon diameter of 1-5-2 py, 
occasionally 3 1. They undergo a sudden reduction in diameter to 1 p 
or less before they enter the spindles in most cases. The y, fibres branch 
extensively and join a communicating network of fine axons and small, 
elongated nerve endings termed the ‘y, network’ situated exclusively on 
nuclear chain muscle fibres in most spindles. The fine terminal branches of 
¥, axons in the spindles are less than one-third of the diameter of y, axons, 
and the y, axons have been mistaken by some previous workers for 
sympathetic fibres. The y, network lies in the S, and S, regions, and in the 
S, region close to the primary sensory nerve wiles if sient is no secondary 
sensory nerve ending in this position. If the spindle has more than one 
secondary sensory ending (the maximum number observed in de-efferented 
spindles was five; Boyd, 1959), secondary sensory terminations and +, 
nerve endings may be superimposed on the same regions of the nuclear chain 
muscle fibres. The number of y, endings per nuclear chain muscle fibre 
varies from two to a network of numerous endings which cannot be 
distinguished individually. 

A spindle, typical of those in the muscles of the leg, is drawn to scale in 
Fig. 1. Full details of this investigation, and the relation of the results to 
those of other workers, have been submitted for publication elsewhere. 


REFERENCES 
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Heat.Joss at parturition in ewes 


By J. M. Brockway and J. D. Putzar. Rowett Research Institute, Bucks- 
burn, Aberdeen 

The heat loss before, during and after parturition of two 4- to 5-year-old 
Swaledale multiparous ewes was measured in a gradient layer direct calori- 
meter (Pullar, 1958). With the first animal a 24 hr measurement was made 
18 days before, and thereafter the heat loss was measured continuously for 
the 5 days immediately preceding the birth of twin lambs. Delivery took 
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Fig. 1. Heat loss of a ewe giving birth to twin lambs. Body weight is shown by the 
thick vertical lines. The lower set of values on the days after birth refers to the lambs. 


place in the calorimeter and measurements were continued for a further — 


24 days. With the second animal, which lambed 1 week later, heat loss was 
measured on the 34th, 27th and 20th days before and then continuously 
for the 36 hr before delivery. A single lamb was born inside the calorimeter 


_and again measurements were continued for 2} days. The heat losses of the 


Jambs or lamb were measured for 2 hr each day after birth; during the rest 
of the time measurements were made on the ewe and her offspring. 

The pattern of heat loss was similar for both ewes; that for the ewe with 
twin lambs is shown in Fig. 1. A small increase in heat loss (from 100 to 
120 keal/hr) occurred some 12~18 hr before delivery. This increased level 
was irregularly maintained until just before the actual birth took place, 
when the total heat loss suddenly increased. During the 1} hr period which 
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began with the delivery of the lambs the rate of heat loss was 170 kcal/hr 
for the ewe with twin lambs and 140 kcal/hr for the other ewe. These 
values are the total heat losses measured, minus the metabolic rate of the 
lambs at birth. They include the heat losses due to the cooling of the lambs, 
placentae and amniotic fluids. It is not possible to form an accurate 
estimate of these losses, which probably account for a large part of the 
total additional heat loss during this period. Three hours after delivery the 
heat loss of the ewes had fallen to about 90 kceal/hr, after which it rose to a 
peak of 110-120 kcal/hr and slowly declined and became stabilized again 
at about 90 keal/hr. The combined heat losses from the twin lambs were 
about 50 kcal/hr and the loss from the single lamb was 35 kcal/hr. 

These values for the energy expended during parturition may appear 
rather low but they agree roughly with values calculated from the oxygen 
consumption of women in labour quoted by Gemzell, Robbe, Stern & 
Strém (1957) or by Sampson, Rose & Quinn (1945) who likened the work 
of labour to ‘...mild to moderately heavy physical labor. . .’. 
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The nature of the innervation of the nictitating membrane of the 
cat 


By K. Hexumann* and J. W. Tuompson. Department of Pharmacology, 
Institute of Basic Medical Sciences, Royal College of Surgeons of eae 
Examination Hall, Queen Square, London, W.C. 1 


It is generally agreed that the smooth muscle of the ate nictitating 
membrane contracts in response to acetylcholine (see Thompson, 1958). 
However, the finding by some workers (Bacq & Fredericq, 1935; Burn & 
Trendelenburg, 1954; Burn & Rand, 1960) that the post-ganglionic sympa- 
thetic nerve supply to the membrane contains cholinergic as well as 
adrenergic fibres has not been confirmed by the results of experiments 
- carried out on the isolated nictitating membrane (Thompson, 1960). In 
view of these discordant findings, the distribution of cholinesterase in the 
structures of the nictitating membrane was studied, since its absence would 
lend support to the conclusion that cholinergic fibres are absent from the 
sympathetic post-ganglionic nerve supply to the membrane. 


* Visiting worker from Reckitt and Sons Ltd., Hull. — 
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By means of Koelle’s method for the histochemical demonstration of 
cholinesterase (Koelle, 1951), it was found that the smooth muscle cells of 
the nictitating membrane are entirely devoid of any cholinesterase 
activity, whilst the Harderian gland was found to contain large numbers 
of cholinesterase-containing nerve fibres (Fig. 1). A very few fine nerve 
fibres containing specific cholinesterase leave the main trunk and pass out 
- amongst the muscle fibres, but none of them have been shown to end on 
muscle fibres. Larger branches of the main nerve trunk could also be seen 
to contain isolated cholinesterase-containing fibres amongst the rest of the 
fibres within the trunk. 


Fig. 1. Medial smooth muscle of nictitating membrane with Harderian gland. 
8.M., Smooth muscle showing absence of cholinesterase. H., Harderian gland 
intimately associated with smooth muscle and showing considerable cholinesterase 
activity in nerve fibres surrounding the alveoli of the gland. 


The main nerve trunk passes through the muscle and breaks up into its 
final ramifications in the Harderian gland which is intimately associated 
with the muscle (Fig. 1) and the cartilage of the nictitating membrane. 
One or two ganglion cells were found and shee stained for specific 
cholinesterase. 

Ten days after post-ganglionic denervation of the nictitating membrane, 
cholinesterase activity in the Harderian gland was still present, though in 
reduced amounts. The absence of cholinesterase from the overwhelming 
majority of the nerve fibres supplying the muscle and its absence from the 
muscle itself lends support to the conclusion that the sympathetic innerva- 
tion of the cat’s nictitating membrane is entirely adrenergic. Further 
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support for this conclusion comes from the observation that a hemi- 
cholinium (HC3) failed to block the responses of the membrane to post- 
ganglionic nerve stimulation either in vivo (Wilson & Long, 1959) or 
in vitro (Gardiner & Thompson, 1961). Since the contractions of the 
nictitating membrane induced by acetylcholine in vitro are potentiated by 
eserine (Thompson, 1958), the present results raise the problem as to how 
eserine produces this effect in the absence of cholinesterase. 
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An amplifier system 
By P. E. K. Donatpson and D. W. KENNarp. Physiological 
and Medical Psychology Laboratory, University of Cambridge 


A system of small subunits has been constructed in medular form, which 
can be operated in various groupings to perform different functions. The 
whole system is designed as a balanced differential amplifier, with a fre- 
quency range 0-10 ke/s. 

The individual units perform simple functions, e.g. amplification, at- 
tenuation, etc., and require external h.t. and 1.t. power supplies. Opera- 
tional independence of the individual units is achieved by making both the 
input and output about earth potential, so that units may be used in any 
order. A particular feature of the design is the flexibility and ease of inter- 
- connexion between units. It is possible to check the working of modules 
under operating conditions without appreciable interruption of work. 

Modular units. Duplication of parts and of construction increases com- 
plexity, thus the number of units must not be too great. The following 
types of units have been constructed: 

(1) Probes. For use near tissues and organs. 

(2) Amplifiers: I, low level, low noise, pentodes; II, high level, double 
triodes. 

(3) Impedance converters. Input cathode followers, with adjustable grid 
current. Output cathode followers, to drive galvanometer type recorders. 

(4) Attenuators. 

Filters. Independent high- and filters. 
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(6) Calibrator; ‘backing off unit’. 

(7) Integrator. Miller type, with meter reading. 

Practical assemblies. Complete amplifiers are assembled in frames, each 
housing six units with provision of power supplies for them, but larger 
groups can also be put together. Before use each unit is adjusted to have 
its output at earth potential, when the input is earthed. Thus fault finding 
and unit replacement is simplified. | 

Modular construction of instruments offers several advantages. Initially, 
resources need be only small for the purchase or construction of single 
operational units, but additions and refinements can be made as necessary. 
This can be of value in the provision of student apparatus, enabling fuller 
use of resources. Maintenance is simplified as faulty units can be replaced 
with little interruption of work. 

In use such apparatus. has proved flexible and easy to operate. 


A minimal transistor stimulator ? 
By W. J. Bannister. University Laboratory of Physiology, Oxford 

This is based on an earlier circuit (Bannister & Kay, 1960) with a drastic 
reduction of variables to about the minimal needs of an elementary frog 
class and with one improvement—the substitution of an improved oscil- 
lator (7',, 7',) based on a circuit by Bowes (1959). This is a transistor 
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analogue of the Blumlein multivibrator and both long- and short-term 
stability of pulse repetition frequency (p.r.f.) are good. 


Specification 

. (1) P.r.f.—stepped control—l, 2, 3, 4, 5, 6, 7, 8, 9, 10, 12, 14, 16, nt 20, 
) 25, 30, 35, 40, 50/sec. 

(2) Pulse duration, 0-5 msec square. 

(3) Amplitude (stepped control) two ranges, 0-4 V and 0-20 V, in steps 
of 0-4 and 2 V respectively, or continuous if preferred. 

(4) Single pulses triggered by drum contacts, or manually by a push 
button. 

(5) Relay stimulus marker for smoked drum driven by a brute force 
circuit to respond to each stimulus, whether single or repetitive. 

(6) Audible monitoring by deaf-aid crystal ‘earpiece’—or auxiliary 
loudspeaker for demonstrations. 3 

Total battery consumption is 1-5 mA at 6 V and 2 mA at 24 V (Stimu- 
’ lator) and 35 mA and 18 V (Loudspeaker and Relay Drive). 
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} Instantaneous pulmonary blood flow measurement in man 


By R. Bosman, A. J. Honour, G. pre J. Lez, R. M. Marswaty and 
F. D. Storr. Department of the Regius Professor of Medicine, Radcliffe 
Infirmary, Oxford 
Pulmonary capillary blood flow may be measured in man continuously 
by recording the fall in pressure in a closed body plethysmograph con- 
taining the subject during a period of breath holding, after a single 
inspiration of 80° nitrous oxide in oxygen (Lee & Du Bois, 1955). The 
untrained subject finds this procedure difficult to perform, and measure- 
ment and calculation from the records is tedious. For use with the body 
plethysmograph, a pneumatic flowmeter has now been devised which 
{. consists essentially of a pneumatic servo system which injects or removes — 
air from the plethysmograph and maintains a constant pressure within it. 
The rate of air transfer by the meter is continuously recorded. The meter 
has a linear response from 0 to 200 ml./sec and a uniform frequency response 
up to 12 ¢/s. In this way the rate of nitrous oxide uptake by a subject in 
the plethysmograph may be recorded instantaneously. From this, and 
j simultaneous analysis of expired N,O concentration, pulmonary capillary 
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blood flow may be measured easily. The blood flow is pulsatile, and from 
this the right ventricular stroke volume may be obtained. Comparison 
between this measurement and simultaneous estimations of cardiac output 
by the Fick oxygen method agree within + 10%. The pattern of capillary 
blood flow conforms closely to that of the pulmonary arterial pressure 
measured simultaneously during cardiac catheterization. In the normal 
subject peak pulmonary blood flow follows approximately 0-2 sec after 
the peak pulmonary arterial pressure. The effect of pulmonary capillary 


blood flow on oxygen uptake can also be studied by continuously recording — 


gas uptake when a mixture of oxygen, containing carbon dioxide at the 
same tension as the mixed venous blood, is breathed by the subject. 
Oxygen uptake is pulsatile and the pattern is similar to that of nitrous 
oxide uptake. By breathing nitrogen containing oxygen at the same ten- 
sion as mixed venous blood, the carbon dioxide elimination throughout 
the cardiac cycle may also be measured. In this way the instantaneous 
respiratory exchange ratio of oxygen and CO, as blood flows through the 
lung capillaries may be studied. 


REFERENCE 
Leg, G. pE J. & Du Bors, A. B. (1955).. J. clin. Invest. hens 1380. . 


Orthodromic and antidromic activation of the rabbit’s olfactory 
bulb 


By C. G. Pumuies. T. P. S. and G. M. University 
Laboratory of Physiology, Oxford 


The difference in dynamic sensitivity of primary and secondary 
endings of de-efferented muscle spindles 


By R. J. Harvey, J. K. 8. Jansen and P. B. C. Marruews. University. 


Laboratory of Physiology, Oxford 


: pO nan for studying the immediate effects of X-rays on nerve 


and muscle 


By N. Auten and J. G. Nicnotus. University of 
Oxford 


A laboratory -built van Slyke manometric blood- -gas apparatus 


By B. F. Dickson and W. G. H. Jonnson. _ University Laboratory of 
Physiology, Oxford 
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_ A pedal-operated fraction-collector for stop-flow analyses of urine 


By W. G. H. Jonnson and D. J. Ramsay. University Laboratory of 
Physiology, Oxford 


Model demonstrating brain shrinkage following dehydration 
By M. Brapsury and R. V. Coxon. University Laboratory of Physiology, 


Perfusion of the cat’s spleen 
By A. G. H. Buaxetzy, C. B, Farry, Hazen Parsons and E. H. J. 


Sconuster. University Laboratory of Physiology, Oxford 


Intra-arterial emboli after injury 


By A. J. Honour and R. Ross RussE 1. the Regius Professor 
of Medicine, Radcliffe Infirmary, Oxford 


Growth of endothelium in fabric grafts of the aorta 
By H. W. Fuorny and J. C. F. Pootz. Sir William Dunn School of 


Pathology, South Parks Road, Oxford 


A simple precision haemoglobinometer 


By R. Bargr and R. UnpERwoop. Department of Human Anatomy, 
Oxford 


Exchange of labelled neuromuscular blocking agent 


By R. Crezsz, N. W. Scuoxss, B. E. and D. B. Taytor. Depart- 
ment of Physiology, St Mary’s Hospital Medical School, London, W. 2 and 
Department of Pharmacology, University of California at Los Angeles, U.S.A. 
The compound which has been used (iodocholinium—Creese, Taylor & 
Tilton, 1957) is related to decamethonium and has been labelled with #11. 
The exchange has been studied in isolated guinea-pig diaphragm and 
rabbit lumbrical muscle at 37° C. | 
With subparalytic doses (3 ng/ml.) an amount of radioactivity corre- 
sponding to 4-6 ml. of the external solution was concentrated in 1 g muscle 


- in 12 hr when guinea-pig diaphragm was used. It has been found that 


tubocurarine markedly reduced the uptake of iodocholinium (Creese et al. 
1957, 1959), and by this criterion the total uptake could be divided into 
curarine-sensitive and curarine-insensitive portions, the latter probably 
indicating non-specific uptake. The compound was taken up to a smaller 
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extent by rabbit bladder and also by rabbit tendon (0-99 ml./g after 12 hr, 
mean of 6 experiments), and in these cases tubocurarine had no effect. 

Outward movement was studied by placing the muscle, previously 
loaded with the compound, in inactive flowing saline. The half-times were 
226 min for guinea-pig diaphragm (mean of 14 experiments) and 374 min 
for rabbit lumbrical (mean of 8). 

The uptake of the labelled compound was measured at different tempera- 
tures with and without tubocurarine (15 g/ml.) so that the rate of uptake 
- could be obtained for curarine-sensitive and curarine-insensitive portions, 
expressed as ml./g.min, The calculated activation energy was 7300 cal/mole 
for the curarine-insensitive portion and 21,000 cal/mole for the curarine- 
sensitive part. 

The neuromuscular block produced by iodocholinium continued to 
increase for several hours in vitro, and in this it resembles depolarizing 
drugs and differs from tubocurarine (Jenden, 1955). The labelled compound 
had a slow rate of uptake and release and a high activation energy for 
the curarine-sensitive portion. Decamethonium labelled with C has a 


high uptake as compared with labelled tubocurarine (Waser, 1960), and 


such differences in uptake may be related to the distinctive penavwour 
of these compounds. 
| REFERENCES 
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JENDEN, D. J. (1955). J. Pharmacol. 114, 398-408. 
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Transmission failure at the neuromuscular junction produced 
by the choline analogue, triethylaminoethanol (triethylcholine) 


By W.C. Bowman and M. J. Rann. Department of Pharmacology, School 
of Pharmacy, University of London, Brunswick Square, London, W.C.1 


The acetyl ester of triethylcholine lacks the stimulating action of 
acetylcholine on skeletal muscle (Holton & Ing, 1949). Triethylcholine is 
acetylated in vitro by rat-brain choline acetylase almost as well as choline 
itself (Burgen, Burke & Desbarats-Schonbaum, 1956). If triethylcholine 
were acetylated in place of choline at the motor nerve endings and the 
resulting acetyltriethylcholine were then liberated by nerve impulses, it 


would be ineffective in causing muscle contraction, and transmission 
failure would result. 


Evidence has been obtained which suggests that. triethylcholine may 
interrupt neuromuscular transmission in this way. When injected intra- . 
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venously into anaesthetized cats or rabbits, triethylcholine caused a 
slowly developing decrease in the height of contractions of the tibialis 
anterior muscle stimulated rapidly through its nerve, but was without 
effect on the contractions of the contra-lateral tibialis anterior muscle 
which was stimulated at a lower rate. During the paralysis of the rapidly 
stimulated muscle conduction along the motor nerve was unaffected and 
the muscle responded normally both to direct electrical stimulation and to 


acetylcholine injected close-arterially. In conscious chicks, cats, rabbits 


and dogs, injection of triethylcholine caused pronounced weakness in 


‘exercised muscles but had less effect when the animals were restrained. 


The failure of neuromuscular transmission produced by triethylcholine 
was reversed by an injection of choline. 
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Buraen, A. §. V., Bunxz, G. & DesBarats-Scnonsaum, M.-C. (1956). Brit. J. Pharmacol. 
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| On the mechanism of post -tetanic hyperpolarization in myelinated 
‘nerve fibres from the frog 


By R. W. Straus. Albert Einstein College of Medicine, New York 61, 
N.Y., U.S.A., and Physiological Institute, University of Cologne, Germany 


In nerve fibres of small calibre a train of impulses is followed by a long- 
lasting period of hyperpolarization which seems to be caused by meta- 
bolic extrusion of sodium ions (Ritchie & Straub, 1957; Connelly, 1959). 
The way by which extrusion of sodium may raise the membrane potential 
is not fully understood. Qualitatively it seems possible that the hyper- 
polarization is caused by a decrease in the [K] outside the axon, if Na 
extrusion is coupled with K uptake. Connelly’s experiments, however, 
suggest that a coupled Na-K pump at the node could not explain the post- 
tetanic hyperpolarization in myelinated fibres, and that uncoupled or 
electrogenic Na extrusion may be the main cause. Further evidence for the 
electrogenic mechanism was found in the present experiments. 

Bundles of nerve fibres from the tibial nerve were mounted in a sucrose- 
gap apparatus and stimulated at intervals of 10 min for 5 sec with 200 
shocks/sec. Measurements of the post-tetanic hyperpolarization and of the 


‘membrane resistance showed that for solutions with [K] of 2-5-11 mm the 


amplitude of the post-tetanic hyperpolarization was directly proportional 
to the membrane resistance. The same relation applied to the slow decrease 
in post-tetanic hyperpolarization and in membrane resistance observed 
during prolonged experiments with the preparations in Ringer’s solution. 
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In K-free solution large post-tetanic. hyperpolarizations were regularly 
found: their amplitude had about twice the value expected from the above 
relation. 

Other experiments showed that the membrane potential during the 
post-tetanic hyperpolarization could greatly exceed the resting potential 
in K-free solution, sometimes by as much as 9mV. Further, from the 
short-circuiting factor and the resting potential after small changes in the 
[K] of the bathing solution, the potential with 0 mm-K was estimated with 
the equation of the membrane potential maintained by a neutral pump 
(Hodgkin, 1957). For instance, in an experiment with a short-circuiting 
factor of 0-6, a depolarization of 1-8 mV was recorded when the [K] was 
raised from 2-5 to 3°75 mm; the post-tetanic hyperpolarization was 
11-3 mV and the hyperpolarization calculated for a decrease in [K], to 
0 mm was 4-5 mV. 

In some experiments the hyperpolarization recorded atten stimulating 
for 30 sec with 50 shocks/sec was 9-10 mV. From the Na uptake during 
activity (Asano & Hurlbut, 1958), and the membrane potential and the 
intracellular ion concentrations in the resting nerve, it can be estimated 
that the post-tetanic increase in the intracellular [Na] would have been 
much too small to produce the observed hyperpolarization by coupled 
_ Na-K transport. A similar calculation suggests that an uncoupled Na 


pump at the node could account for the hyperpolarization, even if only 


half of the metabolic Na efflux were electrogenic. 
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Taste functions of carp (Cyprinus carpio (L.)) 


By J. Kontsui and Y. ZOTTERMAN, Kungl. Veterinarhégskolan, Stockholm, 
Sweden 


The dynamic responses to slow stretch of muscle spindles in the 
decerebrate cat 


By J. K. 8. Jansen* and P. B. C. Marrnews. University Laboratory of 
Physiology, Oxford 

Primary endings of de-efferented muscle spindles of soleus are much 
more sensitive to the dynamic component of slow stretch than are 
oe endings (Harvey & Matthews, 1961). The present report con- 
* Fellow of The Rockefeller Foundation. 
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cerns the effects of physiologically maintained ‘y bias’ on the responses of 
these endings to slow stretch (13 mm, at 3 mm/sec). | 

With spinal roots virtually intact both primary and secondary endings 
(classified on afferent fibre conduction velocity) usually fired more rapidly 
throughout the stretch than when subsequently de-efferented by ventral 
root section or curarization. During such maintained ‘y bias’ the dynamic 
responses of secondary endings were usually even less than after sub- 
sequent de-efferentation (dynamic responses assessed by frequency de- 
crease on completion of dynamic phase of stretching). ‘y bias’ thus mainly 
increased their static response. | 

In contrast, for primary endings ‘y bias’ often increased the dynamic 
as well as the static response, but there was no simple relation between the 


changes in these two kinds of response. Two extreme effects occurred. 


Some ‘biased’ endings were much more dynamically sensitive than when 
subsequently de-efferented, though their response during maintained ex- 
tension was only slightly increased. A few ‘biased’ endings, however, 
showed much less dynamic sensitivity than when de-efferented, while their 
response during maintained extension was increased. Most endings 
showed intermediate responses. These effects were independent of initial 
length and extent of stretch within physiological limits and were reflected 
by changes in discharge pattern as stretching began. Large dynamic 


_ responses still occurred after dorsal root section. 


From these results we suggest that the static and dynamic responses of 
primary endings are under relatively independent control. This could occur 
if different portions of their nerve terminals had different relative static 
and dynamic sensitivities (cf. Katz, 1961), and if these portions could be 
influenced independently by intrafusal fibre contraction. Two kinds of 
intrafusal muscle fibre exist, probably with independent motor supply, 
permitting elaboration of this hypothesis. The nuclear chain intrafusal 
fibres receive almost all the terminations of secondary endings, and also 
substantial branches of the primary ending (Boyd, 1959, 1960, 1961). 
We suggest these branches contribute static, but little dynamic, sensitivity 
to the over-all response of the primary ending. The nuclear bag intra- 


-fusal fibres receive further branches of the primary ending; we suggest 


these branches contribute most of the dynamic sensitivity of the ending as 
well as some static sensitivity. Contraction of nuclear bag fibres probably 
increases the dynamic sensitivity of the ending, while contraction of 
nuclear chain fibres, which are in parallel with the nuclear bag fibres, 
might unload the latter and decrease the over-all dynamic sensitivity of 
the ending, while increasing its static response. This would provide a 
mechanism for controlling phase advance, a property of the ending 
important for the servo control of movement (Merton, 1951). 
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‘The extensibility of voluntarily contracted muscles | 
By J. G. Rosson. Physiological Laboratory, University of Cambridge 


Wilkie (1949) showed that the force produced at the wrist by maximal 
voluntary contraction of the flexor muscles of the elbow is practically 
independent of the angle of the elbow for angles of about 90°. Thus it 
appears that when they are maximally activated these muscles are very 
extensible. However, Matthews (1959) found that the cat’s soleus muscle 
is less extensible during low-frequency stimulation than it is when stimu- 
lated at a high rate, and it seemed possible that the elbow flexor muscles 
might also be less extensible when less than maximally active. 

This possibility wasinvestigated by determining the relation between the 
force produced at the wrist by voluntary flexion of the elbow, the angle at 
the elbow, and the mean amplitude of the electromyogram recorded from 
electrodes over the biceps muscle. 

In agreement with Wilkie (1949) it was found that the maximum force 
which could be developed at the wrist was virtually independent of the 
angle of the elbow in the range 83°-97°. The mean amplitude of the electro- 
myogram, however, increased by about 1 % for each degree decrease in the 
angle at the elbow, not only when any constant submaximal force was 
maintained but also when maximum effort was exerted. 


This finding makes it seem improbable that the extensibility of the 
muscles flexing the elbow is significantly less during normal voluntary | 


contraction than when a maximum effort is made. : 
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Hormonal basis for SS in milk synthesis and milk ejection ! 


following hypothalamic lesions 


By H. M. Frrepman, C. C. Garz, 8S. M. McCann and 8. 
Department of Physiology, University of Pennsylvania, Philadelphia, U.S.A. 
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Liberation of small quantities of sympathins from the cat’s 
adrenal gland 


By E. Martry. Department of Pharmacology, Royal College of Surgeons of 

\ England, and the Institute of Psychiatry, Denmark Hill, London, 8.H.5 
An adaptation of Vane’s (1958) blood-bathed isolated organ technique 
was used. In this, arterial blood from an anaesthetized heparinized 

animal bathes continuously an weeny tissue before being returned to the 

venous circulation. 

A 
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Adrenal venous blood (3-5 ml./min) as well as carotid arterial blood 
/  (4-6ml./min) was pumped from an anaesthetized cat through silicone 
tubing by a roller-pump (Saxby, Siddiqi & Walker, 1960). One end of the 
adrenal cannula was tied into the adrenolumbar vein lateral to the gland 
and slightly overlying it; the other end was brought out through a flank 
incision (Fig. 1 A). The opening of the adrenolumbar vein into the inferior 
vena cava was left patent; some vena caval blood mixed with adrenal 
blood was therefore pumped from the animal. The opposite adrenal gland 
was excised. The separate arterial and venous bloods were warmed in a 
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water-jacket at 37° C, and either mixed before superfusing a rat’s isolated 
stomach strip (Vane, 1957) or the blood streams superfused strips in series 
(Fig. 1B), the upper strip receiving carotid, and the lower adrenal and 
carotid blood, before return to the jugular vein. The tone of the strip was 
recorded by an auxotonic lever (Paton, 1957) of 22:1 magnification. 

Release of adrenal sympathins into the general circulation could just be 
detected when the greater splanchnic nerve was stimulated at 30 shocks/ 
sec for 20 shocks or with sustained excitation at 2-4 shocks/sec (Marley 
& Paton, 1961). By monitoring output from the gland directly it was 
possible to detect release after only 2 shocks at a rate of 1/sec, equivalent 
to as little as 5 ng adrenaline. Sympathin release followed stimulation of 
the contralateral splanchnic nerves; for this at least 200 shocks was 
needed at minimal excitation rates of 10/sec. 
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The role of calcium in adrenal miedullary secretion evoked va 
acetylcholine or potassium 


By W. W. Dovetas and R. P. Rustin. Department of Pharmacology, Albert 
Einstein College of Medicine, New York 61, New York, U.S.A. 


It is generally believed that the sympathetic nerves to the adrenal 


medulla are cholinergic. It is not known, however, how the acetylcholine: 


‘released by these nerves evokes the secretion of catecholamines. Since the 
transmitter function of acetylcholine at other sites in the body such as the 
neuromuscular junction seems to be concerned chiefly with inducing 
changes in the permeability of the ‘receptor’ membrane to common species 
of ions, we have studied how changes in the extracellular concentration of 
sodium, potassium or calcium influence the mernarey response of the 
adrenal medulla to acetylcholine. 

The experiments were done on cat’s adrenal glands perfused at 24-26°C 
with Locke’s solution or appropriate variations of it. In some experiments 
the adrenal gland was perfused in vivo through the abdominal aorta after 
acute sympathetic denervation, and effluent was collected from the adrenal 
vein. More often an adrenal gland was removed from the cat, placed in 
liquid paraffin, perfused through the adrenal vein in a direction the reverse 


of normal and effluent collected from the many severed small arteries. The 
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catecholamine content of the effluent was determined by bioassay with the 
rabbit aorta preparation (Furchgott, 1960). 

The resting output of catecholamines was about 50-100 ng/min/gland 
(somewhat higher values were usually observed at the beginning of an 
experiment). When ACh (10-° g/ml.) was added to the Locke’s solution 
perfusing the gland, catecholamine output rose to about 10 wg/min/gland. 
Removal of sodium from the perfusion fluid (tonicity being maintained 


with sucrose) for 16 min did not greatly diminish the response to acetyl- 


choline; while perfusion with potassium-free Locke’s solution for a similar 
time increased the response to ACh by about 50%. In contrast, perfusion 
with calcium-free Locke’s solution depressed the response to ACh to 
between 5 and 1 % of the control response in Locke’s solution. The omis- 
sion of calcium from the perfusion fluid also prevented the powerful 
stimulant effect of excess potassium (56 mm). A quantitative relation was 
found between the amount of catecholamines released by ACh and the 
calcium concentration of the perfusion fluid: the responses to ACh with 
0-5, 8-8, and 17-6 mm calcium were about 50, 150 and 200 % of the control 


responses with 2-2 mm calcium. Excess calcium (20 mm) added to Locke’s 


solution did not cause secretion, but after 16 min perfusion with calcium- 
free Locke’s solution the reintroduction of calcium (2-2 mm) in the form of 
Locke’s solution raised secretion temporarily to about 10 »g/min/gland. 

These results suggest to us that the role of acetylcholine as a transmitter 
at the adrenal medulla may be to cause the adrenal cells to take up calcium, 
perhaps by depolarizing them. 

REFERENCE 
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The reduction in sodium reabsorption caused by ee of 
kidneys with blood from headless donors 


By T. pe Lima, Mary F. Locxerr and C. Roserrs. of 
Physiology and Pharmacology, Chelsea College of Science and Technology, — 
London, 3 


Cat kidneys perfused with blood from headless donor animals excreted 
a greater percentage of the filtered load of sodium (f,,;,. = 4:2, n = 64, 
P = < 0-001) at a faster rate of urine flow (t,.9,, = 5°7, n = 64, P = | 
< 0-001) than did those perfused with blood taken from intact or acutely 
adrenalectomized animals (de Lima & Lockett, 1961). This was so whether 
the donor animals had been decapitated under chloralose anaesthesia, or 


had, instead, been made spinal. Vasopressin (Pitressin; Parke, Davis: 


20 wu./150 ml. blood) reduced the excessive water loss of preparations per- 
fused with blood from headless spinal animals, but failed (10 m-u./150 ml.) 
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to do so in those perfused with blood from headless chloralosed donors. 
In neither case did vasopressin reduce the excessive rate of sodium loss. 
Neither did oxytocin (Pitocin; Parke, Davis: 10 m-u. or Syntocinon ; 
Sandoz: 10 m-u./150 ml.), nor a: 1:1 mixture of vasopressin and oxytocin 
(20 m-u./150 ml.) decrease the high proportion of the filtered sodium 
excreted when blood from headless donors was used. Whole posterior 
pituitary extract (Infundin; Burroughs Wellcome: 10 m-u./100ml. batch 
91303) did, but less effectively than saline extract of whole ox pituitary 
equivalent to 2 mg fresh gland. 


REFERENCE 
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Chemoreceptors and shivering 


By L. F. Fagan* and Joan C. Mort. Nuffield Institute for Medical 
Research, University of Oxford 


It is now well known that if all but the youngest new-born mammals are 
placed in a subneutral environmental temperature, their O, consumption 
diminishes when the pO, of the inspired air is reduced Panes, 1961), but 
the mechanism of this phenomenon is not fully understood. In 1958 
von Euler & Sdderberg observed that shivering was inhibited in lightly 
anaesthetized cats by the intravenous injection of small doses of lobeline 
as well as by hypoxia. They suggested that this might be due to the stimu- 
lation of peripheral chemoreceptors having a reflex action through hypo- 
thalamic centres. Since lobeline is known to stimulate sensory endings 
_ other than the aortic and carotid chemoreceptors we have attempted to 
inhibit shivering by other means. Experiments in rabbits, lightly anaesthe- 
tized with pentobarbitone, have shown that: 

- (1) Electrical stimulation of the central end of the carotid sinus nerve 
sufficient to induce over-ventilation also stopped shivering. 

(2) The O, content of the inspired air at which shivering ceased in 
rabbits, ongthiad from a closed circuit containing soda-lime, was higher 


(10-2-7-5 %) when the vagi and carotid sinus nerves were intact, than after _ 


cutting these nerves (6-1-3-8%). In these experiments, oxygen consump- 
tion always fell when shivering ceased. 


(3) Shivering was readily inhibited by rebreathing air or by inhaling 


8-9% O, in N,. This inhibition was diminished by denervation of the 
carotid bifurcations after the vagi had been cut. 


* Supported by a Fellowship from the National Heart Institute, U.S. Public Health 
Service. : 
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(4) Perfusion of the carotid bifurcation by a method similar to that of 
Joels, Neil & Hudson (1960) has resulted in a diminution of shivering 
when the perfusate is equilibrated with 5% CO, in N,, as compared with 
5% CO, in Oy. 

(5) The reflex hyperpnoea elicited by intravenous injection of 400- 
1200 ug sodium cyanide accompanied by a decrease of shivering. When 
this hyperpnoea was abolished by denervation of the sinus areas, the 
inhibition of shivering caused by sodium cyanide also disappeared. 

These experiments support the idea that chemoreceptor stimulation 
| inhibits shivering. 
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The development of some rhythmic co in’ the electro- 
encephalogram of the young dog 


By G. Pampietiong. Medical Research Council Human Nutrition Research 
Unit, Mill Hill, London, N.W. 7 


The electroencephalogram (e.e.g.) of the new-born dog shows a somewhat 
3 irregular activity at 8-15 c/s, mixed with slower waves. This activity tends 
to appear in short bursts separated by periods of relative equipotentiality 
lasting one or more seconds. This activity is quite different from that of 
the adult dog. In order to follow the development of regular patterns 
of rhythmic activity in the e.e.g., forty-two dogs were examined at 
various intervals during the first 6 months of life. Small stainless-steel 
? surgical needles (Lane’s ‘cleft palate’ 3 in., 9mm.) were used as electrodes 
_ lightly inserted in the scalp over the anterior, middle and posterior third 
of each hemisphere. The animal was gently held or nursed on the lap of a 
laboratory assistant. 

It was found that nearly continuous 12-15 c/s activity ocala appear 
from both the anterior and the posterior halves of the hemispheres during 
- the course of the second week of life. Later, slower waves became pre- — 

dominant and between the age of 6 and 8 weeks a regular, rhythmic 

activity of the order of 100 »V or more was well established. This activity 
at about 3-5 c/s was much larger over the posterior than over the anterior 
half of the head. It would easily appear if vision was excluded and would 

disappear if vision was restored. It would disappear in response to a 

variety of stimuli even when the exclusion of vision persisted. This 
_ Thythmic activity would also disappear during drowsiness and sleep but 


| 
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could be made to reappear with the presentation of a variety of stimuli. 
After the end of the third month there was a gradual diminution in the 
amplitude of this rhythmic activity and in the fifth and sixth months an 
activity at about 5-7 c/s became predominant over the posterior half of 
the hemispheres, mixed with faster activities. This pattern, of low ampli- 
tude, is similar to that described in adult dogs. 

It appears that various phases occur in the development of rhythmic 

activity in the electroencephalogram of the young dog in the first six 
months of life. The changes in pattern of — activity appear fairly 
closely related to age. 


This work was supported by a grant of the National Spastics Society Medical Research 
Trust Fund. 


The influence of penicillin on steady cortical potentials 
By C. A. Esperarp*. Department of Physiology, University of Aberdeen 

Topical application of penicillin to the cerebral cortex produces intense 
myoclonic movements (Walker & Johnson, 1946) and e.e.g. changes 
typical of grand-mal seizures (Ralston, 1958). The experiments reported 
here were undertaken to ascertain the accompanying changes in the steady 
potentials of the cortex (Goldring & O’Leary, 1951). 

The potential difference between two silver electrodes, one on the surface 
of the cortex and another on the skull of a rat, anaesthetized with pento- 
barbitone, was measured by a cathode follower and galvanometer system. 
Similar measurements were made of the potential difference between the 
indifferent electrode on the skull and a glass micropipette (outside dia- 
meter 1-3 .) at varying depths below the surface of the cortex. A compari- 
son of the results of the two measurements showed that a potential 
gradient was found to exist between the surface and the deeper layers of 
the cerebral cortex. | 

Topical application of penicillin dissolved in c.s.f.-Locke (pH 7-0) in 


concentrations-of 4-0—6-0 x 10-2 m produced characteristic changes in this _ 


gradient. The effect of this solution was to make the cortical surface pro- 
gressively more and more negative in relation to the indifferent electrode, 
whereas the deeper layers, below 500 y, did not show any significant 
changes in relation to the indifferent electrode. There was thus produced 
an increased gradient between the surface and deeper layers of the cortex. 
As the gradient increased, episodes of repetitive activity appeared. This 
repetitive activity was characterized by waves of 200-250 msec duration. 


Medicina e Cirurgia, Rua Frei Caneca 94, Rio de Janeiro, Brasil. 


* British Council Scholar. Permanent address: Instituto de Fisiologia, Escola de 
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They appeared initially at a frequency of 1/sec, which increased as the 
potential gradient increased. The episode terminated abruptly with a 
sudden large increase in negativity of the deeper layers, and a smaller 
increase in negativity of the surface layer. The potential gradient across 
the cortex thus became less. During this terminal phase the repetitive 
activity became more rapid, and the waves were of shorter duration. The 
_ end of the episode was marked by a sudden decrease in surface negativity 
and a cessation of repetitive activity while the negativity of the deeper 
layers decreased more slowly until the normal gradient (surface negative 
to the deeper layers) was re-established. 

These experiments suggest that the repetitive episodic activity pro- 
duced by penicillin is dependent on a depolarization of the superficial 
cortical structures, resulting in an increased potential gradient between 
surface and underlying cortex. 
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_ Changes in cerebellar electrical activity during the development of 

conditioned reflexes 

By W. Lirscuirz*. Department of Physiology, University of Aberdeen | 
Changes in cerebellar electrical activity during the development of a 

motor conditioned reflex were studied in non-anaesthetized, unrestrained 

cats, in whom platinum electrodes had been implanted over the auditory 

areas of the cerebral cortex and over the cerebellar vermis. Provision was 


/ . also made to record the activity of subcortical structures with a tungsten ~ 


wire electrode. An indifferent electrode was placed over the frontal sinus 
and with an oscilloscope and an e.e.g. pen recorder monopolar recordings 
_ from these positions were obtained. Once the animals were fully recovered 
' from the operation records were obtained of the normal electrocortical 
activity and the responses evoked by sounds of 120 msec duration at a 
frequency of 1000 ¢/s, applied in groups of five and six, and separated by 
_ intervals of 1-2 sec. This control period lasted 6-8 days, after which every 
group of five or six sounds was reinforced by means of a small amount of 
food, and a motor conditioned response was established. _ 

During the period of control the electrocerebellogram was characterized — 
by low amplitude high-frequency waves (10-50 1V and 120-150/sec), 

* British Council Scholar. Permanent address: Department of Physiopathology, Medical 
School, University of Chile, Santiago, Chile. 
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although less frequent and higher amplitude waves could also be seen 


(50-80 »V, 10-40/sec). Sound stimuli applied during this period produced — 


desynchronization of the electrocerebellogram in about 30% of the trials. 
As conditioning developed, the sound stimulation elicited a more and more 
frequent desynchronization of the slow waves until eventually it appeared 
in 80% of the trials. Similar modifications of the slow waves were observed 
in the auditory cortex and subcortical structures. 

The responses evoked by the auditory stimulus and recorded from the 
cerebellar vermis showed also a definite change with conditioning. The 
responses obtained at the beginning of the control period showed marked 
habituation, disappearing after repetitive stimulation. However, once the 
conditioning procedure was established, this evoked cerebellar potential 
reappeared and was consistently evoked by the sound stimulus. 

These results indicate that two of the characteristic changes that have 
been observed in different parts of the central nervous system during the 
development of a conditioned reflex (Beck, Doty & Kooi, 1958) can also 
be obtained from the cerebellar cortex. 
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Functional characteristics of the anterolateral (spinothalamic) 
system in the cat 


By D.1. B. Kerr. The Department of Human Physiology and Pharmacology | 


University of 4 Adelaide 


The spectral sensitivity of the dark-adapted grey squirrel 


By G. B. ArpEN and H. (née StrancE). Ophthalmo- 
logical Research Unit, Medical Research Council Institute of Ophthalmology, 
Judd Street, London, W.C. 1 


The whole of the pure cone retina of the grey squirrel (Sciwrus carolinensis 
leucotis) has neural connexions which might provide acuity approaching 
_ that of the human fovea (Walls, 1942; Arden & Tansley, 1955). Electro- 
physiological investigations have shown that an unusual spectral sensi- 
tivity curve A,,,,, ca. 530 mp, is in good agreement with the in vivo 
determination of the difference spectrum of the visual pigment of the 
retina (Weale, 1955). However, extracts of the retina yielded a pigment 
max. 502 my, and a hypothesis was advanced to reconcile these differing 
findings (Dartnall, 1960). A behavioural method has allowed us to determine 
the squirrels’ absolute and relative spectral sensitivity under dark-adapted 
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conditions. The animals were reared from birth in the laboratory, and were 
trained to associate a signal light with a food reward. The threshold deter- 
minations were carried out in a modified Y-maze. The squirrel was presented 
with a stimulus only when it returned to a perch at the back of the maze, 
the floor of which contained micro-switches so that the squirrel’s movements 
could be followed from outside the completely blacked-out box. The 
stimulus light was projected on to either of a pair of opal glass windows which 
subtended an angle of approximately 2° at the perch. The wave-length of the 
light was selected by interference filters (Balzer) and the intensity varied 
by neutral density wedges and filters. The light source was supplied by a 
constant voltage transformer. 
The squirrels made 95% correct responses to sufficiently telus 
stimuli. When the intensity was reduced, the percentage of correct re- 
sponses fell. Over a range of about 1 log unit, there was a drop in perform- 
ance from 75 to 50 % (chance) level. Threshold criterion was taken as 60 % 
correct. A randomly chosen series of intensities and positions of stimuli 
was presented. One run of 100-200 choices could be recorded in an hour, 
and was sufficient for the determination of a threshold. The absolute 
- sensitivity was found to approach that of the human scotopic system. 
This was surprising, because the squirrel has a purely diurnal habit. The 
spectral sensitivity curve appears to have two maxima, and is broader than 
could be expected if vision under these conditions were mediated by visual 
purple alone. 
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Some properties of intercostal muscle in the cat 


By T. J. Biscoz. Chemical Defence Experimental Establishment, Porton 
Down, Salisbury, Wilts. 


Intercostal muscle has been likened to and contrasted with other muscles 
but there is no direct evidence available concerning its characteristics. _ 
The parameters specified by Buller, Eccles & Eccles (1960) character- 
izing a muscle as fast or slow have been studied in slips of cat intercostal 
muscle, of which the blood supply was prescived. Isometric twitch 
and tetanic responses to indirect stimulation have been recorded from 
' slips of muscle in the upper seven spaces on both sides of the body. 
A flat spring myograph and mechano-electrical transducer valve, 
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RCA 5734, were used. Internal intercostal slips were taken parasternally, 
where the external intercostal is not present, and the transversus thoracis 
was dissected from their underside. Recordings were also made from 
the two intercostals and the transversus thoracis together, underlying 
serratus anterior. Contractions of soleus and tibialis anterior in response 
to nerve stimulation were also recorded in some animals. The — 
of the muscles was maintained at 37-38° C. 


TABLE 1 Tetani 

Single contractions Interval 

r | between 

| Time stimuli 

to half . at half 
No. No.of Timeto relaxa- ‘No.of max. 

of observa- peak tion : No.of obser- tetanus 

Muscle cats tions (msec) 8.D. (msec) cats vations (msec)  8.D. 


Parasternal 17 126 32-1 +3-9 32:4 +7°8 17 17 35-4 +48 
intercostal 


internal intercostal ° 
with transverse 
thoracis 
anterior 


The results for single twitches and tetani summarized in Table 1 show 
that the intercostals resemble the tibialis anterior rather than soleus. 
Additional evidence for this similarity was shown by the effects of 
-D-tubocurarine chloride and decamethonium (cf. Paton & Zaimis, 1951). 
Curare was less effective and decamethonium more effective on the inter- 
costals and on tibialis anterior than on soleus. 
These results suggest that the intercostal musculature in the upper seven 


spaces in the cat is fast in character, though not as fast as tibialis anterior 


and some other muscles. 
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The effect of subarachnoid injections of Cu in pigeons 


By Autson Davizs, R. A. Peters and J. M. Watsun. The Departments of 
Biochemistry and Experimental Medicine, University of Cambridge 

One of us (R.A.P.) has found previously that injections of 10 yg of 
Cu?+ (as CuCl, in isotonic saline) inside the skull of pigeons under ether 
anaesthesia can give rise to convulsions and death: further studies have 
been carried out to determine whether this effect can be reversed by some 
-SH substances. As the effect of the Cu*+ could be reduced by holding the 
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birds during convulsions, experiments were done with initial injections 
of 20 wg Cu*+. Five of six pigeons died with this injection alone; one, 
which was anaesthetized for 9 min after the injection, survived. 

(1) Protection experiments. Penicillamine (dimethyl cysteine) holds up 


convulsions for 10-60 min and reduces their severity. Greater protection 


is given by penicillamine plus lipoate (-SH form), though BAL (dimer- 
capto-propanol) did well in two experiments (Table 1). 


TaBLE 1. Effect of thiols on the toxicity of Cu** to the brains of pigeons 


Substances injected (yg) 
Penicill- 
No. of Cu**, amine, Lipoate, BAL, 
animals — 20-25 100-500 200 600 No. died Remarks 
6 + 5/6 1 survival after 
deep anaesthesia 
10 + + - - 3/10 Convulsions after 
20-60 min. 
2 survived after 
deep anaesthesia 
5 + v + _ 0/5 . Minor symptoms 
at 10-21 min | 
5 + ae + _ 1/5 Animal dying 
showed convul- 
| sions 
ee + = + 0/2 One animal needed 
artificial respira- 


(2) Reversal experiments. The next question was whether copper could 
be removed once it has combined with the tissues. The onset of convulsions 
was slowed by giving 20 ng Cu*+ together with 500 yg penicillamine (in 
one case copper plus 100 yg penicillamine). When convulsions appeared 
12-30 min later the animal was again anaesthetized and a thiol injected. 
In no experiment were convulsions rapidly aborted. A further dose of 
penicillamine was ineffective. BAL alone, in one case, prolonged life for 
several hours; 200 yg lipoate (-SH form) plus BAL (600 pg) saved two ~ 
birds, the other six all died. We conclude that some reversal can be ob- 


~ tained with mixtures of dithiols but this is not a regular effect. 


Experiments in vitro suggest that the toxic action of copper in mito- 
chondrial preparations 1 is to block the entry of pyruvate into the citric acid 
cycle; it is possible that in the intact animal Cu* does not reach: the 
mitochondria. 


Thanks to Wellcome Trustees and the Shell Company for grants in aid of this work. 
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Kinin-releasing enzyme in the accessory sex glands of the guinea- 
pig 


By K. D. Buoota, Rosz May May Y1, J. and M. Scuacuter. 
Department of Physiology, University College London 


The accessory sex glands of the guinea-pig contain large amounts of a 
substance which releases a kinin from a substrate in its own plasma and 
from that of other mammals. The substrate is also present in lymph or 
serum globulin. This substance, probably an enzyme, is non-dialysable, 
heat labile, and is completely precipitated from aqueous solution by 80% 
acetone. The rate at which it releases the kinin is similar to the release of 
kallidin or bradykinin by kallikrein and trypsin. The release is unaffected, 
however, by incubation of the enzyme with soya bean trypsin inhibitor, 
ovomucoid trypsin inhibitor, or kallikrein inactivator (from ox parotid 
gland). The highest concentrations of enzyme are in the coagulating gland, 
about half this concentration is present in the prostate and one-fiftieth in 
the seminal vesicles. Freeze-dried coagulating or prostate gland was con- 
siderably more active than submaxillary gland. Detectable amounts of 
kinin could be released from plasma or serum globulin by as little as 5 pg 
freeze-dried coagulating gland. A kinin-releasing substance was not 
detected in aqueous extracts of freeze-dried testis, ovary, lymph gland, 
spleen, liver, gastric mucosa or thyroid gland of the guinea-pig. 

The kinin released has been extracted from serum and plasma after 
incubation with the enzyme by the method for extracting kallidin and 
bradykinin (Holdstock, Mathias & Schachter, 1957). Parallel tests with 
bradykinin on the guinea-pig ileum, rat uterus and rat duodenum yielded 
ratios of activity which did not deviate significantly from unity ; this kinin 
was, however, 3-4 times relatively more active than bradykinin on the 
arterial blood pressure of the rabbit. Like kallidin and bradykinin it was 
rapidly inactivated by plasma and chymotrypsin but not by trypsin. The 
coagulating gland and prostate gland also contain inactivators of this kinin 
and bradykinin. 

The coagulating gland of the rat and the canataie gland of rat, rabbit, 
dog and man do not release a kinin from plasma. The presence of this 


enzyme in the prostate gland of only one of 5 mammals studied, its absence 


in gastric mucosa, liver and other glands of the guinea-pig, and the fact 
that. the enzyme in guinea-pig saliva releases a kinin from plasma of other 


mammals but not from that of the guinea-pig (Schachter, 1960) do not 


support the suggestion (Hilton, 1960) that these enzymes afford a common 
mechanism whereby glandular tissues obtain the blood supply they need 
when actively secreting. It seems more likely, that in most instances, 


these enzymes in glands have an exocrine function and that their ability 
to release a kinin is incidental to this role. 
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_Pressor material in renal lymph 


By A. F. Laver and W. 8. Peart. Medical Unit, St Mary’s Hospital, 
London, W. 2 


- Renal lymph has been collected by direct cannulation in the anaesthe- 
tized dog and examined for its pressor activity by either direct assay or 
indirect assay, after incubation with plasma, using the rat blood-pressure 
preparation (Peart, 1955, 1957-58). In all cases it has been found to con- 
tain pressor material. In the few cases where the presence of such material 
_ was initially uncertain, it could be readily identified after concentration by 
ultrafiltration. Lymph from various non-renal sources was examined both 
before and after concentration and in no case was pressor material found. 

In eight experiments thoracic duct lymph was collected in the neck from 
the anaesthetized dog and pressor materialidentified ineach by concentration 
and indirect assay. This activity disappeared after bilateral nephrectomy. 

The pressor material in lymph resembled a standard preparation of dog 
renin in that both were heat labile and did not diffuse through a dialysis 
membrane. Both showed the same mobility characteristics on gel filtration 
columns of Sephadex (Pharmacia) capable of separating proteins from 
each other as well as from smaller molecules such as angiotensin. With an 
ion-exchange column of diethyl-amino-ethyl-cellulose (Peterson & Sober, 
1956), adsorption and elution of both standard dog renin and the lymph 
activity occurred between the same ranges of buffer molarity and pH. 

Equipressor amounts of renin and lymph were capable of forming a 
quicker acting pressor material on incubation with dog plasma containing 
renin substrate. The velocities of these reactions were comparable and the 
-quick-acting product in each case resembled synthetic Val 5 angiotensin 
_ (Ciba) in its effect on the rat’s blood pressure. This quick-acting material — 
further resembled angiotensin in that it was heat stable, diffused through 
a cellophane membrane, had the same mobility on Sephadex and was 
destroyed by plasma containing high levels of angiotensinase activity. 

In fifteen anaesthetized dogs a constriction was applied to one renal 
artery during the collection of lymph from both kidneys. Six showed a 
definite increase in the concentration of pressor material in lymph from the 
kidney with the stenosis. Five showed a questionable increase and four 
showed no increase. In no case did lymph from the control kidney become 
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more pressor than that from the stenosed side. In view of the possibility 
that these changes could represent an over-all concentration of renal lymph 
protein as a result of the stenosis, lymph nitrogen was measured in three 
experiments as an index of total lymph protein. In none of these did the 
nitrogen concentration differ at any time between the two sides, although 
in two definite increases in pressor material occurred in the lymph from 
the stenosed side. 
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The structure and behaviour of transitional epithelium 
By J. M. N. Boss. Department of Physiology, University of Bristol 

The epithelium, termed transitional, which lines much of the urinary 
tract, becomes in the bladder greatly reduced in thickness when that 
- organ is distended. Harvey (1909) suggested that, although the epithelial 
cells certainly become wider and flatter, they might also slip sideways over 
each other. Schaffer (1929) pointed out that it was unnecessary to suppose 
that the cells move upon each other, and some more recent authors have 
described the stretching of transitional epithelium entirely in terms of the 
deformation of the individual cells (Levi, 1946; Elias & Pauly, 1960). 
Nevertheless, Harvey’s hypothesis is supported by current text-books, 
which state that, when the bladder is distended, the cells of the epithelium 
are displaced over one another to form fewer layers (Bremer & Weatherford, 
1944; Kendall, 1947; Carleton & Short, 1956; Ham, 1950). Bloom (1957) 
writes that. the number of cell layers appears to be reduced, but does not 
state whether the appearance is misleading. In view of this disagreement 
in the literature, the matter was re-investigated. 

The bladders of four adult male white rats were fixed in an osmic- 
_ sublimate-dichromate mixture, one bladder being collapsed, one fully dis- 
tended and two at intermediate stages of distension. Histological sections 
from each of the four blocks were stained with haematoxylin and eosin and 
by Masson’s triple stain for general structure, with Heidenhain’s iron 
haematoxylin and Mallory’s phosphotungstic acid haematoxylin for 
cytoplasmic detail, and by the periodic acid-Schiff reaction for poly- 
saccharides. From each block 4 sections stained by phosphotungstic acid 
haematoxylin and 14 by each of the other stains were examined. The 
granules already reported (e.g. by Bremer & Weatherford, 1944) in the 
most superficial cells, which are large and palely staining, were found to be 
coloured by the periodic acid-Schiff reaction. 
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The effects of distension on the vesical epithelium were as follows: 
(a) The thickness was reduced from 12-20 to 6-7 ». (b) The rows of nuclei 
were reduced from 3 or 4 to 2 or even 1. (c) Examination of intercellular 
boundaries indicated great lateral deformation of all cells but did not 
suggest reduction in the numbers of layers of cells. From these results it is 
concluded that a reduction in thickness and in number of rows of nuclei 
need not imply any reduction in the number of layers of cells, and that it is 
unnecessary to assume that the cells of transitional epithelium slide over 
each other in the rat’s bladder. On the other hand, the structure of the 
epithelium, as seen during this work, agrees well with Schaffer’s descrip- 
tion. (1929). 

This study was a class exercise in a Part I B.Sc. course. The following students 


participated: C. C. Ashley, J. M. Barker, Linda M. Blackmore, Robina Gyle-Thompson 
R. O. Law, Jennifer Lucas and J. M. Steadman. 
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On the relation of the pulse to the habstanocebtdedrar 
By I. Starr and Ocawa. Department of Therapeutic Research, 


_ University of Pennsylvania, Philadelphia, Pa., U.S.A. 


Both pulse and ballistocardiogram have their origin in the energy of the 
heart’s contraction and they must certainly be related, yet the ballisto- 
cardiogram often. suggests abnormality of cardiac performance that is not 
apparent in inspection of the conventional pulse record. Results secured 
-in several studies have suggested a possible explanation for the dis- 
crepancy. The theory of Noordergraaf & Heynekamp (1958) relates the 
‘force’ ballistocardiogram to the 2nd derivative of the movement of the 
body’s centre of gravity during the cardiac cycle; the pulse, the pressure 
change resulting from changes of volume of blood in any vessel, is related 
more directly to the movement itself. Also it was noticed by Reeves, Jones 
& Hefner (1957) that the caloulated 2nd derivative of pulse curves often 
c2 


She 


38P PROCEEDINGS OF THE PHYSIOLOGICAL 


looks rather like ballistocardiograms taken simultaneously ; the same idea 
can be supported from results of cadaver experiments made in this labora- 
tory (Starr, Horwitz, Mayock & Krumbhaar, 1950; Starr & Schnabel, 
1954). From this evidence one cannot conclude that the ‘force’ ballisto- 
cardiogram is the 2nd derivative of the pulse, for this, mathematically 
speaking, is not true. But this evidence certainly suggests that the true 
relationship between the curve of pressure changes we call the pulse, and 
the ‘force’ ballistocardiogram, would be best expressed by some sort of 
differential equation. If this were true, one would expect that the informa- 
tion concerning cardiac abnormalities seen in the ‘force’ ballistotardio- 
gram, but apparently absent from the pulse, would be made more obvious 
in the pulse if that record was differentiated. Accordingly, by means of a 
capacitance pulse transducer of the type designed by Brecht & Boucke 
(1953), connected with a differentiating electrical circuit, records of the 
ist derivative of the brachial pulse have been secured on more than 
200 persons, some with normal, some with abnormal hearts; while the 
ballistocardiogram was recorded simultaneously. Although there is difficulty 
calibrating the record of the pulse derivative, as there is in calibrating the 
conventional pulse record taken by a transducer pressing on the skin over 
an artery, the results show clearly that many abnormalities of myocardial 
function seen in the ballistocardiogram become obvious in the pulse also, 
when that record is differentiated. 
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The effect of hypophysectomy on the gastric mucosa of the rat 


By G. P. Crnan. The Gastro-Intestinal Unit, Western General Hospital and 
Clinical Endocrinology Research Unit, Medical Research Council, Edinburgh 


The parietal cell population of the whole stomach was estimated in rats, 
using the counting method described by Card & Marks (1960). Stomachs 
were counted ‘blind’. ‘Counts’ were reproducible, and the errors in the 
sampling method were insignificant. 

Hypophysectomized rats were compared with intact rats of similar 
_ body weight, but of younger age (see Table 1). The hypophysectomized 

rats were killed at a mean interval of 21 days after operation. 
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The oan cell population was significantly lower in hypophysecto- 
mized as compared to ‘control’ animals (P< 0-001). This effect was 
entirely due to reduction in the volume of the gastric mucosa in the hypo- 
physectomized group, parietal cell density (defined by the relationship 
‘total parietal count/mucosal volume’) being unaltered. Preliminary 
evidence suggests that growth hormone (N.I.H.) can restore the mucosa 
of hypophysectomized animals to normal. 


TABLE | 
Body weight+s.p. Approx. age 
Group | No. (g) (days) 
Hypophysectomized 11 95-5+ 31-9 at operation 38 
89-00+ 19-8 when killed 59 
‘Normal’. 10 103-2+ 19-1 40 


(The difference between the mean body weights of the normal and the hypophysectomized 
groups at time of killing was not significant, P = 0-1.) : 
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The propagation of vasodilatation in human skin bed an apparently 
non-neural mechanism 


By G. W. Crockrorp, R. F. Hetton, A. Huyman* and J. ParKHovuss. 
Medical Research Council Climate and Working E ficiency Unit, Department 
of Human Anatomy, University of Oxford 


Radiant heating of the proximal part of the forearm causes @ vaso- 
dilatation which extends to the distal, unheated part (Crockford & Hellon, 
1959). Blood-flow determinations taken every 15sec with strain-gauge 
plethysmographs showed that vasodilatation occurred in both parts of the 
arm at the same time. Crockford, Hellon & Parkhouse (1959) found that 
the centrifugal spread of the vasodilatation was not prevented by a 
subcutaneous ring of anaesthetic proximal to the heated area, but was 
blocked by a similar injection of anaesthetic in the mid forearm. Cervical 
sympathectomy had no effect on the vasodilator spread. 

Experiments on three patients with complete brachial plexus lesions 
have now shown that the dilator spread still occurs, so that the mechanism 
does not appear to depend on any known fibre system. Indeed, the 
reaction is similar to the dilator response in the cat’s femoral artery, which 
appears after tetanus of the leg muscles, and is apparently conducted along 
the smooth muscle of the artery wall (Hilton, 1959). We have shown that 
both this femoral artery mechanism in the cat, and the spread of the vaso- 


* U.8.P.H.S. Fellow on leave from Duke University Medical School, Durham, N.C., U.S.A. 
+ Department of Anaesthetics, Radeliffe Infirmary, Oxford. 
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dilatation in the forearm, can be blocked by local application of adrenaline 
(0-5 x 10>). 

A vasodilatation in the distal area of the forearm can also be produced 
by application of a rubefacient substance to the proximal part. The spread 
of this response could be blocked with a subcutaneous ring of lignocaine or 
- adrenaline. Likewise ultra-violet radiation caused a simultaneous increase 
in blood flow in proximal and distal parts of the arm. 

It is suggested that a wide variety of stimuli act to produce a local vaso- 
dilatation in the skin which spreads rapidly to neighbouring areas and is 
apparently conducted in the smooth muscle of the subcutaneous arterial 
plexus. 
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Changes in the oxygen consumption of rabbits in response to 
blood-stream cooling 


By J. A. Downey and R. F. Morrram. Department of the Regius Piedteor 
of Medicine, Radcliffe I Oxford 


Postural changes in gas distribution in the lungs and the effect 
of histamine inhalation in different postures 


By A. Bounvys and H. J. Van Lennep. Laboratory of Clinical ae cis, 
University Hospital, Leiden, The Netherlands 


The influence of posture on the functional residual capacity (F.R.c.) and 
on the degree of uneven gas distribution in the lungs has been studied in 
six healthy male subjects placed supine on a tilting table, in each of seven 
different positions, ranging from 50° head up to 50° head down. An open- 
circuit nitrogen wash-out method was used to measure F.R.C. and the ‘lung 
clearance index’ (L.C.1.), a measure of the unevenness of distribution of 
inspired gas in the lungs (Bouhuys & Lundin, 1959). 

The results showed, for the F.R.c., a linear regression with the angle of 
tilt, amounting to an average decrease of the ¥.R.c. with 140 ml./10° of 
tilt from head up to head down. The L.o.1. increased significantly 
in the horizontal and head-down positions, compared to the values 
in the 20° and 50° head-up positions. This result indicates a more uneven 
_ gas distribution in the horizontal and head-down ‘positions than in the 


head-up positions, and this may be explained by the decrease of the F.R.c. 
in the former positions. 
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According to Clements, Brown & Johnson (1958), bronchial muscle tone 
and surface forces in alveoli and small airways are the main factors which 
determine participation of lung units in ventilation when the lungs are 
deflated. In our subjects a comparison of the nitrogen wash-out in the 30° 
head-down position before and after epinephrine inhalation showed no 
significant change in the values of F.R.0. and L.c.1. Therefore, mechanical 
factors acting at moderate and small lung volumes, rather than changes in 
bronchial muscle tone, are probably the main cause of the observed changes _ 

in gas distribution. 

The 1.0.1. has been shown to be a sensitive measure of the broncho- 
constrictive effect of inhaled histamine (Bouhuys, Jénsson, Lichtneckert, 
Lindell, Lundgren, Lundin & Ringquist, 1960). In the present study five 
subjects inhaled a histamine aerosol in the 50° head-up and in the 20° 
head-down positions. In each subject the effect of the drug (at the same 
concentration in the nebulized fluid) on the L.c.1. was more marked in the 
_head-down than in the head-up position. This result, which is probably 
caused by a decrease of the average bronchial diameter in the head-down 
position, may explain, in part, why asthmatic patients often develop 
attacks of bronchoconstriction when lying in bed. 


The authors thank Mr P. D. Oldham (Pneumoconiosis Research Unit, Llandough 
Hospital, Penarth, Glamorgan), who performed the statistical analysis. 
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Recovery from adaptation in the rabbit lung -thorax 


By L. Brernstern, M. P. Goprrey and Mary C. Rixry. Physiology 
Research Laboratory, Veterans Administration Hospital, and Department of 
Environmental Medicine, School of Hygiene, Johns Hopkins Unwersity, 
Baltimore, Maryland, U.S.A. 

_ Pressure—-volume curves of the lung-thorax of live, anaesthetized, 
curarized rabbits of about 2 kg body wt. were determined by Bernstein’s 
(1957) method, in the volume range from functional residual capacity 
(F.R.C.) to approximately total capacity (T.c.). Reference curves were 
obtained in the following conditions: (1) in the first inflation beyond tidal 
volume, (2) in deflation from .¢., and (3) in early re-inflation to T.0. In - 
subsequent experiments the lungs were inflated to 1.c., partially deflated 
to some volume in the range down to F.R.C., and finally re-inflated stepwise 
to T.0, 
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If a decrease in incremental compliance at any pressure or volume is due 
to a reduction in the number of functioning ‘alveoli’, collapse of alveoli 
during deflation should cause the area beneath the pressure—volume curve 
to be greater in re-inflation than in deflation (pressure plotted as ordinate). 
When deflation was to a level 10c.c. or more above F£.8.C., re-inflation 
either immediately, after 1 min in the deflated state, or after 1 min of tidal 
ventilation between the chosen level of deflation and 5-15 ¢.c. above it, al! 
yielded essentially similar pressure-volume curves, with no indication of 
alveolar collapse. When deflation was to within 10 c.c. of ¥.R.c., the curves 
for both immediate and simple, delayed re-inflation indicated a small 
amount of collapse, but the curve for re-inflation after tidal ventilation 
indicated a much greater amount. 

We conclude that: (1) alveoli have critical closing pressures (C.C.P.) 
as well as critical opening pressures (C.0.P.), and (2) closure or collapse 
occurs during the process of deflation, not while the alveolus is in the 
deflated state—if an alveolus has not collapsed by the time the lung— 
thorax has deflated to the chosen volume, it is unlikely to do so however 
long the lung-thorax remains in that state. A possible explanation is 
that during deflation the most rapidly emptying units close when 
their transmural pressure falls below their c.c.p., while other, slower 
emptying units still have transmural pressures above their c.c.p. Some of 
the gas expelled from the units collapsing enters the more slowly deflating 
units, limiting the extent of their deflation; these units are so prevented 
_ from collapsing. On Clements, Brown & Johnson’s (1958) ‘surface tension’ 
hypothesis, c.0.P.s and 0.0.P.s of individual units should be positively 
correlated, c.0.P. being the larger. Collapsed units would therefore be 
unlikely to reopen in the next, small, tidal inflation, but the next tidal 
deflation would afford a second opportunity for the now fastest emptying 


group of alveoli to collapse at the expense of the remainder. Thus, each 


tidal ventilation would increase the number of units collapsed and in- 
susceptible of re-inflation without exceeding their c.o.P.—i.e. would cause 
a gradual reduction of compliance. 
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The measurement of an unconventional lung volume in rats 


By H. D. Stnew and O. L. Wavr. Department of Therapeutics, Queen’ 8 
University, Belfast 
A method based on the constancy of the product of pressure and volume 
‘(Boyle’s Law) is used to measure small gas volumes in a as rigid 
system (Fig. 1). 

Rats are killed by chloroform inhalation. A ligature is tied around the 
neck and the rat is placed in the Kilner jar. The volume of water that has 
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Fig. 2. A, gas in whole animal; B, gas in lung-free body; C, lung volume. 
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to be added to the system to raise the pressure to 100 mm Hg is measured. 
The measurement is repeated after removal of lungs of the animal. 

The relation between lung volume and body weight of 16 normal albino 
rats (1.C.1. strain) is shown in Fig. 2C. The coefficient of linear correlation 
r = 0-895. Regression formula: lung volume in ml. = 0-025 weight in 
grams—1-43or = 1-12. 


We acknowledge grants from the Northern Ireland Hospitals Authority and The Well- 
come Trust. 


Blood oxygen saturation in normal rats 


By Detrpre Bett and T. Kine. Department of Queen’ s 
University, Belfast 


A cuff was inflated to 80 mm Hg around the tail of a warmed normal 
albino laboratory rat (I.C.I. strain). Samples of capillary blood, 0-04 ml., 
were obtained from the tip of the tail and analysed by a micro method 
(Roughton & Scholander, 1934). 

The capillary blood was found to be desaturated (Table 1) when the 
animals were at rest. The oxygen saturation increased on nesahing 
oxygen and after exercise. 


TaBLE 1, Oxygen qcndent of ‘isla blood saniples in 10 normal rats 


Breathing air 18-6 vol. % (s.D. = 0-57) 
Breathing oxygen 21-1 vol. (s.D. = 1-15) 
Significance of difference 0-001 > P 

Oxygen capacity 21-6 vol. % (s.D. = 1-10) 


Various methods have been used to confirm that the oxygen saturation 
of tail capillary blood sampled in this way is representative of arterial 
blood. Analysis of samples of blood taken by left ventricular puncture and 
by indwelling carotid canulae and oximetry of shaved skin folds confirm 
that arterial blood of the resting rat is not fully saturated. The significance 
of these findings is discussed. 


We acknowledge grants from the Northern Ireland Hospitals Authority and The Well- 


come Trust. 
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Changes in O, supply within the foetal lamb 


By G. 8. Dawus. Nuffield Institute for Medical Research, University of 
Ozford 


In the foetal lamb the O, saturation of carotid blood is higher than that 
in the femoral or umbilical arteries; the difference is small and rarely 
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exceeds 10%. Yet Barcroft (1946, p. 202) found differences of 29-59 %, in 
four out of five lambs about half way through gestation. The discrepancy 
could only be resolved in part by the fact that Barcroft’s samples were not 

withdrawn simultaneously, and a search was made for other causes. 
_ Among the possibilities considered was spasm of the umbilical veins, due 
to handling or puncture of the vessels, with reduction of umbilical blood 
flow and a fall in the proportion of oxygenated blood reaching the right 
side of the heart. 

The abdominal part of the umbilical vein was exposed in foetal lambs 
under general anaesthesia, and was partly constricted with a tape. In 
_ lambs of 80-86 days’ gestation age (term is 147 days) this caused a fall in 
both carotid and femoral arterial O, saturations, but the latter fell further, 
so that the carotid—femoral O, difference was more than doubled. Hypoxia 
alone, induced by giving the mother low O, mixtures, caused a decrease in 
the carotid—femoral arterial O, difference because umbilical venous O, 
saturation was reduced. With an electromagnetic flowmeter in the 
umbilical vein, flow had to be reduced by 50% or more (usually to less 
than 100 ml./kg. min) to cause an increase in the carotid—femoral arterial 
O, difference; this was accompanied by a fall in foetal O, consumption. 
Partial obstruction of umbilical venous flow caused a large rise in umbilical 
vein pressure, and a fall in blood pressure and pulse pressure, suggesting 
that a substantial quantity of foetal blood had accumulated in the 
placenta, which is about the same weight as the foetus at this age. 

In contrast, in mature foetal lambs (134-145 days’ gestation) whose 
weight is at least five times greater than that of their placenta, progressive 
reduction of umbilical blood flow by venous constriction caused no increase 
in carotid—femoral arterial O, difference, but haemorrhage (30 ml./kg or 
more, sufficient to reduce flow to less than 100 ml./kg. min) did cause an 
increase. This suggests that it is reduction of foetal blood volume, com- 
bined with a fall in umbilical flow, which is of crucial importance. 

Although it is possible to cause large changes in the distribution of 
oxygenated blood within the foetal circulation, this entails large deviations 

from a normal physiological condition. . 
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The site of action of nerves in the pulmonary vascular bed of the 
dog 


By I. pz Bures Daty and B. A. WaaLer.* University of 
Physiology, Oxford 


In the dog the predominant effect on the pulmonary vascular bed of 
stimulating the nerve fibres from the upper thoracic sympathetic outflow 
is vasoconstriction. The fibres concerned relay in the stellate or middle 
cervical ganglion and proceed to the lungs in the thoracic vagosympathetic 
nerve trunk (Daly, Duke, Hebb & Weatherall, 1948). The vasoconstrictor 
response can be demonstrated in isolated innervated perfused lungs in the 
absence of passive bronchomotor effects. The site of action in the pul- 
monary vascular bed of the nerve fibres concerned is not known. An 
attempt to locate this site has been made in experiments with isolated lung 
lobe preparations of a type previously described (Daly & Waaler, 1960). 
The pulmonary circulation perfusion was temporarily stopped and the intra- 
tracheal pressure raised in order to compress the capillaries. Tests showed 


that the intratracheal pressure applied (20-25 mm Hg) was sufficient to 


prevent the transfer of blood from arteries to veins or vice versa. Sensitive 
volume recorders were put in connexion with the pulmonary arterial 
cannula and with either a cannula inserted into the quiescent left atrium 
or a cannula inserted into a lobar vein. 

The preparations were atropinized in order to eliminate bronchomotor 
responses with their possible passive effects on the pulmonary vascular 
bed. Bronchial circulation perfusion was maintained throughout the 
experiments, but was temporarily interrupted during some of the nerve 
stimulation tests. 

Under these conditions electrical stimulation of the thoracic vago- 
sympathetic nerve caused a diminution in volume of both the arterial and 
the venous side of the pulmonary vascular bed in seven out of eight experi- 
ments. The remaining experiment showed a reduction in volume on the 


arterial side but not on the venous side. In one preparation the diminution © 


in volume on the arterial side was preceded by a short-lasting increase in 


volume. When calculated for both lungs the volume reductions caused by 


the stimulations ranged from 2-8 to 7-5 ml. on the arterial side and from 
_ 0 to 2-2 ml. on the venous side, the mean values being 4-1 and 1-0 ml. 


respectively. (The weight of the dogs ranged from 22 to 30 kg; average 
25kg.) 


In about half the nerve stimulation tests the arterial and venous capacity 
responses started almost simultaneously. In the remaining tests either the 
arterial or the venous response preceded the other by a significant time 
interval. 


* Research Fellow, Norwegian Research Council for Science and the Humanities. 


j 
| stric 
DALY 
P 
Dat 
Eff 
By 
M 
hav 
196 
ne 
Col 
| | 
inc 
the 
WwW 
W 
af 
th 
| di 
| 
rl 


SOCIETY, 28-29 JULY 1961 47P 


The results are interpreted as indicating that sympathetic vasocon- 
strictor fibres act on the arterial as well as on the venous side of the 
pulmonary capillaries. 3 
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Effects produced by distension of the pulmonary artery 


By J. C. G. and C. Kiwp. Department of Physiology, School of 


Medicine, University of Leeds 

The reflex effects which can be elicited from the pulmonary circulation 
have been examined by several workers (reviewed by Heymans & Neil, 
1958). In continuation of experiments which have shown the distribution, 
nerve connexions and threshold of baroreceptors in the extrapulmonary 
parts of the pulmonary artery of the dog (Coleridge & Kidd, 1960a, 6; 


Coleridge, Kidd & Sharp, 1961) a further attempt has been made to investi- 


gate the possible role of this vessel as a reflexogenic area. 
In anaesthetized dogs with the chest open the right lung roots were 


_ ligated. The right pulmonary artery between its origin and the lung root 


was then converted into a closed sac by inserting a tube through an 
incision in the main pulmonary trunk and tying it in position; one end of 
the tube lay in the origin of the pulmonary trunk, the other in the left 
pulmonary artery. Only the left lung was ventilated and it received the 
whole output of the right ventricle through the tube. The isolated sac, 
which retained its nerve supply intact, could then be perfused with blood 
through the lobar arteries. 

Pulsatile distension of the isolated right pulmonary artery, with pres- 


_ sures of 20-60 mm Hg, produced either no effect or a fall in systemic 


arterial pressure of up to 55 mm Hg accompanied in some cases by a brief 
and variable slowing of the heart rate. The effects were abolished by 
cooling or section of the cervical vagus nerves. Recordings of afferent 
vagal impulse activity showed increased discharge from baroreceptors in 
the isolated right pulmonary artery during distension. _ 

By contrast, distension with abnormally high pressures (e.g. greater 
than 90 mm Hg) produced a rise of up to 80 mm Hg in systemic arterial 
pressure, accompanied by respiratory movements of the chest wall and 
diaphragm. Action potential studies suggested that these effects, which 
were abolished by vagal section, were due to activation of chemoreceptors 
in the vicinity of the pulmonary artery. It is suggested that the blood 
supply of these chemoreceptors was occluded the abnormally 
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Chronic effect on blood pressure of combined bilateral carotid 
and vertebral ligation in the rabbit | 

By R. D. Lown. Medical Unit, University College Hospital Medical School, 
London, W.C.1 

Rosenfeld (1952) and Rothman (1955) have reported chronic hyper- 
tension following bilateral carotid ligation, but their method of blood- 
pressure recording is open to criticism. Wakerlin, Crandall, Frank, Johnson, 
Pomper & Schmid (1954) and Crandall, McCrorey, Sukowski & Wakerlin 
(1957) have reported hypertension following carotid stenosis in the dog, 
» but interfered with buffer nerve function in their operative procedure. 
In man, speculation has ranged from the view that carotid stenosis might 
be an occasional cause of hypertension to the suggestion that carotid 
and vertebral narrowing might be the cause of essential hypertension 
(Dickinson & Thomson, 1960). 

The effects of bilateral carotid or vertebral ligation have been studied in 
the rabbit using the central artery of the ear for recording blood pressure 
(a method of carotid ligation was used which preserves this artery). These 
animals did not develop hypertension or any lasting cerebral ischaemia, 
because the posterior communicating artery dilates markedly. 

A further series of 26 rabbits was prepared using combined bilateral 
carotid and vertebral ligation. Over a 5-week period both internal carotid 
arteries, both external carotids, one vertebral and the ascending cervical 
artery were cut, and the remaining vertebral artery was constricted. Sixteen 
rabbits survived these procedures and in twelve of them, 5-10 weeks later, 
the stenosed vertebral and the remaining ascending cervical artery were 


cut. The ten survivors were shown to have a markedly lowered retinal — 


artery pressure, but no animal became hypertensive at any stage during 
the six months period of study. 
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The influence of phenoxybenzamine on the uptake of noradrenaline 


by cat and rat tissues 


By J. Farrant,* Jupira A. Harvey} and Jooztyn N. Penneraruert. 
Departments of Pharmacology, School of Pharmacy, University of London, 
and University of Sydney, Australia 

The uptake of noradrenaline by sympathetically icauevsied tissues may 
contribute to the disappearance of circulating noradrenaline (Axelrod, 


Whitby & Hertting, 1960; Pennefather & Rand, 1960). As the adrenergic 


blocking agent phenoxybenzamine increases the concentration of nor- 
adrenaline in the splenic venous effluent when the sympathetic post- 
ganglionic fibres are stimulated (Brown & Gillespie, 1957), it was of interest 
to study the effect of phenoxybenzamine on noradrenaline uptake by the 
tissues. 

Phenoxybenzamine (10 mg/kg) was given intravenously to non-pregnant 
spinal cats, and one kidney and one uterine horn were removed 15 min 
later. Noradrenaline (1 mg) was then infused at a rate of 25 ug/min, and 
20 min after the infusion the other kidney and uterine horn were removed. — 
The tissues were extracted and assayed on the blood pressure of the pithed 
rat. Noradrenaline uptake by these tissues was measured by the method 
of Pennefather & Rand (1960). | 

Phenoxybenzamine prevented the noradrenaline uptake by the ideas, 


a tissue in which its excitatory action is blocked by phenoxybenzamine. 
' In contrast, it did not prevent the noradrenaline uptake by the uterus, a 


tissue in which the inhibitory action of noradrenaline is unaffected by 
phenoxybenzamine. There may be therefore a relationship between the 
adrenergic blocking property of phenoxybenzamine and its effect on the 
noradrenaline uptake. This view is supported by the finding that di- 
chloro-iso-prenaline (10 mg/kg), an antagonist of adrenergic inhibitory 
responses, prevented the noradrenaline uptake by the uterus but not that 
by the kidney. 

We then examined the effect of phenoxybenzamine (6 mg/kg) on the 
noradrenaline uptake by tissues of pithed rats. The uptake was marked in 
the heart but much less so in the spleen, uterus and duodenum after 
infusions of 80 »g over 20 min; this marked uptake by the heart was 
reduced by phenoxybenzamine. The single dose of phenoxybenzamine 
per se depleted the spleen of noradrenaline but did not alter the noradrena- 
line levels in the heart, uterus or duodenum. Prolonged treatment with 
phenoxybenzamine (6 mg/kg for 7 days) lowered the —— 
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content of the heart as well as that of the spleen (as found by Schapiro, 
1958), but such treatment had no effect. on that of the uterus or duodenum. 

Thus, phenoxybenzamine produces depletion of noradrenaline, and pre- 
vents the uptake of noradrenaline, in tissues where the action of this 
catecholamine is excitatory. We suggest that the adrenergic blocking 
agent interferes with the binding of noradrenaline in these tissues. 
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A dinigte bath for nerve muscle experiments in the class-room 
By R. Cott and J. Firman. Department of Physiology, University of 
Western Australia 


In a hot dry climate it has been found that the amphibian gastrocnemius 
sciatic nerve preparation rapidly dries out. if suspended in air. The bath 
illustrated is offered as a simple and cheap solution to this problem. ~ 


(a) (b) 


| 


| Electrode lA 


ig 


Fig. 1. Nerve muscle bath for use in hot climates. (a) Plan; (b) side elevation; 
(c) details of the stainless-steel electrode assembly. 
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The bath is made of } in. (3 mm) polythene sheet and measures 10 cm x 
10 cm x 3 em. Electrodes are made of stainless-steel wire and are mounted 
in the plunger of a disposable 2 ml. plastic syringe. The electrodes should 
be curved to drain off any excess of Ringer’s solution. The wires from the 
stimulator are crimped into hypodermic needles of suitable gauge, which 
are then pressed on to the stainless-steel electrodes. The electrode assembly 
is held in a hole through an extension of one of the walls so that it lies 
horizontally 3-2 em above the floor of the bath. 

The muscle is dissected together with the femur. The preparation is 
mounted in the bath by means of a Palmer muscle clamp which grips the 
end of the femur. The nerve is placed on the electrodes only when it is to 
be stimulated. 


Diffraction images in the compound eye 


By E. T. Burtt and W.T. Catton. Departments of Zoology and Physiology, 
King’s College, University of Durham, Newcastle upon Tyne, 1 

A succession of images is observable in an eye slice of the locust. The 
first is that due to the single lenslet and is formed at a depth of 200-250 uv 
from the surface of the eye. Second, third and higher order images arise 
as interference effects from the first images, but the basement membrane 
at a depth of ca. 600» excludes higher orders beyond the third. 


The resolving power of the single lenslet is measured by adjusting the © 


distance of the array of fine wires until the image behind-the lenslet as 
seen by the 4mm objective is just indistinct. The angular separation of 
the wires is then about 1° which can be compared with 1-2° calculated 
from the formula @ (radians) = 1-22 A/d for an aperture (d) of 32 and 
wave-length (A) of 0-56 (cf. Barlow, 1952). 

The second and third images are seen in the deeper parts of the eye 
slice. They allow the resolution of smaller angles of separation of the 
_ wires in the object; thus the third image allows a resolution of 0-35°-0-4°. 
Silver preparations of the retinula cells show that they have a spacing 
close enough to detect such deeper images. 
_ The second and third (but not the first) images are affected by the 
orientation of the object. For one complete rotation of the object around 
the axis of the microscope there are six positions where the images are 
clearest, alternating with six positions where they disappear. It is sug- 
gested that this phenomenon may be related to the preference shown by 
bees for radial as against parallel striped patterns (Hertz, 1931). 
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_Asimple blood flowmeter 


By A. L. Haten and P. SanpLANp. Department of Physiology, University 
Birmingham 

In experiments previously reported (Cumming, Haigh, Harries & Nutt, 
1961) total gastric blood flows varying from 8 to 60 ml./min were obtained | 
‘in the dog. Most of the flow rates are too large to be measured with a drop 
counter. A flowmeter to deal with blood flows of this order has been 
_ devised which is of simple construction, records with inexpensive equip- 
ment on a kymograph, and is easy to use. 

Blood enters the polythene inflow cannula and passes in plastic tubing 
to a polythene T-junction, the side arm of which forms a pressure mano- 
meter. The bubble introducer consists of a 2 ml. automatic pipetting 
syringe, and is joined to the side arm of a second T-junction placed 

immediately after the first. The volume of bubble used is 0-2 ml. The 
_ bubble introducer is followed by a short length of glass tubing which 
passes through the photo-transistor unit to the bubble trap. Glass is 
necessary to obtain sufficient change of light intensity when the bubble 
passes between the light source and the photo-transistor. The bubble trap 
has two outlets, the lower one through which blood is returned to the 
outflow cannula, and the other, at the top of the trap, from which air can 
be removed periodically. Total volume is 45 ml. and that of the glass flow 
tube 2-0 ml. The apparatus is | treated throughout with silicone and primed 
with saline before use. 

A simple electrical device times the passage of air bubbles from the 
syringe. to the photo-transistor. The first multivibrator (Fig. 1) operates 
at intervals, which can be varied according to flow rate from 7 to 30 sec, 
a relay connected to a solenoid. When the solenoid is energized, the core, 
which is in contact with the spring loaded syringe plunger, moves forward 
depressing it, thus introducing an air bubble into the stream of blood. This 
relay also triggers the second multivibrator giving impulses (100 V, 
20 msec) which operate the ‘impulse’ electromagnet of a Thorp Impulse 
Counter raising the recording arm. Impulse frequency can be adjusted 
(1, 3 or 6¢/s) according to flow rate to obtain convenient heights of 
record. Impulses continue to raise the recording arm until the bubble 
passes the photo-transistor, operating the other relay connected to the 
‘timer’ electromagnet of the Thorp counter, which trips the recording 
arm to zero. At the same time this second relay resets the solenoid relay 
ready for the next cycle to be triggered off by the first multivibrator. 

The height of the record obtained is the reciprocal of the blood flow which 
is calculated from the calibration graph. Records of blood flow may be 
obtained from 7 to 30 sec intervals, depending on the rate of flow. 
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Fig. 1. Diagrammatic plan of flowmeter. M, Manometer; S, automatic pipetting 
syringe; G, glass flow tube; L, 6-5 V, 0-3 A pilot "amp. 
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_Isoenzymes of human alkaline phosphatase and lactic peneere; 
genase. 


By A. W. Hopson, A. L. Latnzr, Laurgen Rare and A. W. SKILLEN. 
~ Section of Medical Biochemistry, Department of Pathology, King’ 8 College, 
University of Durham, Newcastle upon Tyne, 1 


Several enzymes occur in a number of different forms within individual 
_ tissues (Markert & Moller, 1959). These enzyme components have closely 
similar biochemical activities, but differ in relation to their pH maxima, 
their behaviour during starch-gel electrophoresis and in certain immuno- 
chemical reactions. These components are now known as isozymes or 
isoenzymes. The isoenzymes which have been most completely studied 
are those of certain dehydrogenases with particular reference to lactic 
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acid dehydrogenase. It has been shown that in disease of a tissue its 
lactic-acid dehydrogenase isoenzyme pattern becomes imposed on the 
normal pattern of serum (Wréblewski & Gregory, 1961). This shows great 
promise in relation to diagnosis. 

Studies have been carried out in this laboratory with alkaline phospha- 
tase and lactic acid dehydrogenase using staining techniques to demon- 
strate the zones of activity resulting from starch-gel electrophoresis in 
Tris-HCl buffer. Alkaline phosphatase has been stained by a modification 
of a histochemical method (Pearse, 1960) and lactic dehydrogenase by 
means of a tetrazolium salt in the presence of methylene blue. Vertical 
starch-gel electrophoresis has been employed (Smithies, 1959). It has been 
_ shown that extracts of human costochondral junction, liver and small 
intestinal mucosa show alkaline phosphatase activities which behave 
differently as a result of starch-gel electrophoresis. Intestinal mucosa 
gives two bands, one of which seems to be identical with that given by 
-liver. The enzyme usually present in normal serum behaves in the same 
way as that in the liver extract, and only occasionally are activities 
demonstrable which correspond to those of small intestine and costo- 
chondral junction. It would thus appear that the enzyme present in 
normal human serum is derived mainly from the liver. 

With regard to lactic dehydrogenase normal serum usually shows three 
or four bands on the anode side of the line of insertion. Heart extract 
_ shows four bands of activity; the most intense band is that nearest to the 
anode. A similar picture is obtained in the sera of patients who have had 
a recent myocardial infarction. Liver extract, in addition, shows a band 
of activity on the cathode side of the line of insertion, and the same band 

appears in the serum of patients suffering from liver disease. 
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An optical and electron microscope study of tooth elites 2 


By E. H. Boutt and C. H. Toner. Department of Chemistry and Depart- 
ment of Anatomy, King’s sien University of Durham, Newcastle wpon 
T'yne 1 

Recently extracted human teeth of ete s hbase: have been bisected 
and ground sections have been prepared from one half. Silver shadowed 
optical and gold palladium pre-shadowed carbon electron microscope 
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replicas have been made from the polished surface of the other half. 
Micro-dissection of the tooth surface has been effected by progressive 
etching with varying dilutions of hydrochloric acid. Serial optical and 
electron microscope replicas have been made after each etch. The ground 
sections and optical replicas have been examined by light microscopy in 
order to select areas for detailed study, using the electron microscope. 
Thus the position and arrangement of the individual structures of the 
tooth were ascertained optically prior to the examination of similar fields 
with the electron microscope. 

Tooth structure has been demonstrated and the arrangement of the 
enamel prisms in relationship to Schreger’s lines demonstrated. Collagen 
has been shown in the matrix of cementum and dentine, and on comparison 
with collagen from the tendo-calcaneus shows the same characteristics. 


A portable apparatus for recording the rate of clearance of radio- 
active sodium from human calf muscle 


By L. Motyngvux, J. and D. N. Departments of 
Physics and The Medical School, University of 


A linear to logarithmic convertor unit for use with a linear 
counting rate-meter 


By J. and D. N. WaLpEr. of Surgery, The Medical 
School, University of Durham | 


Studies of the salt glands of birds 


By R. J. Scornorne. Department of Anatomy, Medical On King’s Col- 
lege, University of Durham, Newcastle wpon Tyne, 1 


‘The distribution of cholinesterase in the central nervous system 


By R. 8. Syzty. Department of Anatomy, Medical School, King’s College, 
University of Durham, Newcastle upon Tyne, 1 7 


The blood supply of normal bone and bone affected by Paget’s 
disease 


By T. E. Bartow and C. C. SLAOK. of Anatomy, Medical 
School, King’s College, University of Durham, Newcastle wpon Tyne, | 


The blood supply of the stomach and colon in man 


By T. E. Bartow. Department of Anatomy, Medical School, King’ 8 
College, University of Durham, Newcastle wpon Tyne, | 
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A simple method of measuring respiratory volumes 


By E. A. Coopmr and E. A. Pasx. Department of Anaesthetics, Medical 
School, King’s College, University of Durham, Newcastle upon Tyne, 1 


A method of collecting separately parotid and mandibular saliva 
and of measuring its pH without contact with air 


By C. Dawss. Department of Physiology, Medical School, King’s College, 
University of Durham, Newcastle wpon Tyne, | 


Class apparatus. A simple arrangement for measuring membrane 
potentials; a low-rate Geiger counter recording on a kymograph; 


_ afour-element thermistor bridge for skin temperature measure- 


ment 


By W. T. Carron. Department of Physiology, Medical School, Ki ing ca 
College, University of Durham, Newcastle upon Tyne, 1 


Single unit responses from frog skin mechanoreceptors 


By W. T. Catton. Department of Physiology, Medical School, Ks King ’8 
College, University of Durham, Newcastle upon Tyne, 1 


An effect of taurocholate on amino-acid cise ris by small 


intestine in vitro 


_ By A. M. Dawson and D. M. Marruews. Department of Medicine and 


Department of Patho ogy, The Royal Free Hospital, London, W.C. 1 


When everted sacs or strips of rat small intestine are incubated in 
Krebs-Ringer phosphate saline without added substrate, appreciable 
quantities of free amino acids appear in the fluids bathing the preparation. 
The amino acids appearing in highest concentration are alanine, leucine, © 
valine, glycine, glutamic acid and histidine. In the case of sacs, the amino 
acids are more concentrated on the serosal side. 

The addition of sodium taurocholate in physiological concentrations — 
of 5mm and above causes a large increase in the concentration of all the 
amino acids appearing in the fluids bathing the gut. This can be shown 
by paper chromatography and followed by the colorimetric ninhydrin 
reaction. The effect is illustrated in Table 1. This effect might be due to a 
direct action of taurocholate in accelerating proteolysis (Noll, 1953) in 
the fluids bathing the gut: or within the intestinal cells, but it has been 
found that addition of taurocholate to cell-free homogenates of intestinal 
mucosa has no effect in accelerating proteolysis. Alternatively, i it — 


& 
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be due to increased permeability of the intestinal cells, leading to ‘leakage’ 
of amino acids from the cells into the surrounding fluid. If this is so, the 
intracellular amino-acid concentration must be maintained by increased 
break-down of protein or peptides within the cells, since the amino-acid 
concentration in the intestinal wall does not fall. 


TasLE 1. Concentration of amino acids appearing in fluids bathing sacs of 
rat small intestine, incubated with and without taurocholate 


(The sacs were incubated in Krebs—Ringer phosphate saline for 1 hr at 32° in air. Initial 
mucosal volume: 3 ml.; initial serosal volume: 0-5 ml. Amino-acid concentrations were 
estimated by the ninhydrin reaction and are expressed as mg/ml. of leucine. Sac wt. 


ca. 300 mg.) Amino-acid concentration (mg/ml.) 
Mucosal 
Sac no. fluid fluid Sac wall 
1 0-29 0-71 3-1 
Controls ( 2 0-29 0-84 2-8 
\ 3 0-36 0-64 2-8 
4 0-25. 0-57 
Mean 3°05 
( 5 0-50 1-20 3-3 
6 0-55 0-80 3-0 
8 0-65 1-10 3-0 
Mean 3:07 


Tween 80 has no effect on amino-acid production by isolated gu t. Sodium 
deoxycholate produces some increase in the amino acids appearing in the 


mucosal fluid, but in contrast to the conjugated bile salt — the 
intestinal mucosa. 


This work was supported by a grant from the Medical Research Council. 
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The influence of ascorbic acid on corticosteroid control of iitdcis 
rates in regenerating liver 


By J. T. Hemmneway and A. N. Howarp. The Department of Physiology, 
Queen's College, Dundee, and the Dunne Nutrition Laboratory, Cambridge 


In previous work (Hemingway, 1960), adrenalectomized rats subjected 
to partial hepatectomy showed a liver regeneration rate at least double 
that of rats with intact adrenals. Also rats implanted with growing tumours 
when partially hepatectomized showed a similar high regeneration rate. 


Corticosteroids seemed either deficient or inactivated in tumour-bearing 
rats. 
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Some rats given 200r whole-body X irradiation showed these high 
mitosis rates, contrary to the usual inhibition (Hemingway, 1959). The 
possibility was suggested that oxidation processes in plasma interfere 
with normal states of reduction in which corticosteroids could exert their 
effect on cells. Ascorbic acid was a likely redox substance to be affected, 
so liver mitosis rates in scorbutic and normal guinea-pigs were compared 
after partial hepatectomy. It seemed that a ‘functional adrenalectomy’ 
may be caused by deprivation of ascorbic acid so that liver regeneration 
in a scorbutic guinea-pig might reveal a doubling of mitosis rate over that 
of a normal animal. 

Owing to operative difficulties in scorbutic animals, very few of these 
survived, but three scorbutic animals showed mitosis rates averaging 52 
whereas the normal average was 24 mitoses per 1000 cells. 

To confirm this earlier work a larger experiment is now reported with 
24 normal guinea-pigs having mean regeneration rates of 23 mitoses per 
1000 cells. Of 48 scorbutic guinea-pigs 18 survived with mitosis rates — 
averaging 51 per 1000 cells (s.p. +5). A third group, not scorbutic, but 
partially starved to amounts of food eaten by scorbutic animals showed 
mild stress effects with mitosis rates averaging 15 per 1000 cells (s.p. + 8). 

Lack of reduced ascorbic acid in plasma may prevent the inhibiting 
action of corticosteroids on mitoses in regenerating liver. 


Support by the Medical Research Council is gratefully acknowledged. 
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The effects of penicillin on evoked cortical responses in the cat 


By C. A. Esprrarp,* G. A. Germant and W. cacsgsacaiad Department of 
Physiology, University of Aberdeen 


Walker & Johnson (1946) and Ralston (1958) diewed that topical 
application of penicillin to the cerebral cortex produced muscular con- 
vulsions, with corresponding encephalographic activity, in man and 
animals. The experiments reported here were designed to ascertain the 
effect on the evoked cortical response, of this substance in concentrations 
insufficient to produce convulsive effects. 


* British Council Scholar. Permanent address: Instituto de Fisiologia, Escola de Medicina 
e Cirurgia, Rua Frei Caneca 94, Rio de Janeiro, Brasil. 

+ Research Fellow. Department of Health for Scotland. 

t British Council Scholar. Permanent address: Department of Physiopathology, Medical 
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Recordings from the somaesthetic area of the cerebral cortex of cats 
anaesthetized with chloralose or Nembutal (pentobarbitone; Abbott 
Laboratories) were made at the surface and at different levels below the 
cortical surface, using a micro-electrode filled with 3m-KCl. The sodium 
salt of benzyl-penicillin, in concentrations of 2-9 x 10~* to 2-9 x 10-?m in 
o.s.F. Locke, was applied to the cortex beneath a pool of paraffin. The time 
of onset of the effects due to penicillin varied from animal to animal and 
depended on the anaesthetic used (0-5-4 min with chloralose, 2-10 min 
with Nembutal). 

In animals under chloralose anaesthesia, the first and most consistent 

change to appear was a late diphasic wave, initially positive when recorded 
below the reversal point of the response evoked by contralateral forepaw 
stimulation, and initially negative when recorded above it. On first 
appearance of this wave the latency was variable but later it became 
constant. It varied from animal to animal so that sometimes it fused with 
the initial evoked response and on other occasions it was delayed by as 
much as 70 msec. Spike activity always occurred with the maximum 
negative deflexion of the penicillin-induced wave. 

Increasing the frequency of stimulation from 32/min, which was 
normally employed, to 128/min caused a progressive increase in latency of 
the penicillin-induced component of the evoked response, while the 
remainder of the response stayed constant. As this penicillin-induced wave 
separated from the initial evoked response, a third wave, negative in 
polarity with a latency of 20 msec, appeared which, unlike the penicillin- 
induced wave, was abolished by intravenous D-tubocurarine. 

The same general effect was observed under Nembutal anaesthesia but 
the penicillin-induced component appeared with a shorter latency, fusing 
almost completely with the initial evoked response. In this case, the 
first effect of penicillin was an increase in the negative component of the 
initial evoked response, in contrast to what was seen under chloralose 
anaesthesia, where the initial evoked response was practically unchanged. 
Under Nembutal anaesthesia increasing stimulation frequency produced 
no increase in latency of the penicillin-induced component. 
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The effect of gravity on gastric emptying 


By J. N. Hunt, M. T. Knox and A. Oarsx1.* Physiological mameeatory, 
Guy's Hospital, London, 1 


* Present address: Nowa Huta, C 33 bl. 21a/48, Krakow, Poland. 
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_ Studies on the mechanism of anaphylaxis in the rat 


By C. F. Cop, D. T. Copy and J. C. Krennepy. Mayo Foundation, 
Rocheste:, Minnesota, U.S.A. 


A series of experiments was undertaken to determine whether the 
supersensitivity which follows the administration of Bordetella (haemo- 
philus) pertussis vaccine (HPV) in rats is produced through the same 
mechanism as the supersensitivity that follows adrenalectomy and to 
learn something of the importance of histamine in the development of 
the symptoms of anaphylaxis in rats. 

In adrenalectomized rats which have been sensitized by repeated in- 
jections of horse serum, cortisone given just before challenge reduces — 
the incidence of death but does not prevent the occurrence of severe 
acute anaphylactic reactions, whereas cortisone given at the time of the 
sensitizing injections virtually eliminates acute reactions (Dews & Code, 
1953). In contrast, intact rats sensitized to horse serum with the aid of 
HPV were protected against anaphylaxis by cortisone given just before 
challenge, but not when the cortisone was given with the sensitizing 
injections. 

Administration of adequate quantities of adrenal cortical extract to 
adrenalectomized rats restores their resistance to injections of histamine 
(Marmorston-Gottesman & Perla, 1931). In contrast, cortisone given 
just before challenge by histamine to rats rendered susceptible by 
injections of HPV had only a very slight protective effect against hist- 
amine toxicity; and when cortisone was administered at the time of the 
vaccine, susceptibility to histamine toxicity was greatly increased. = 

During anaphylactic shock in rats treated with HPV, the increased 
concentrations of histamine and histaminase in the blood were not 
altered by the administration of cortisone just before challenge, although 
the symptoms of anaphylaxis were reduced. | 

When aminoguanidine was injected just before challenge, no hist- 
aminase activity was found in the blood during anaphylactic shock and 
the concentration of histamine was greater than that encountered in 
similar rats not given aminoguanidine. Despite this effect on the blood 
histamine, the aminoguanidine had no effect on the severity of the 
anaphylactic reaction. 

It is concluded that HPV does not lower the resistance of the rat to 
sensitization and to histamine through the adrenal mechanism and that 
histamine does not seem to have a major role in the production of the 
symptoms of anaphylaxis in the rat. : 

This research was supported in part by a grant from the Louis W. and Maud Hill Family 
Foundation, St Paul, Minnesota, U.S.A. 
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The actions of certain amino acids on cortical neurones 


By K. Krngevié and J. W. Pamiis*. A.R.C. Institute of Animal 
Physiology, Babraham, Cambridge 

The chemical sensitivity of single cortical neurones can be studied by 
applying various substances electrophoretically with multi-barrelled 
micropipettes inserted into the brain (Krnjevié & Phillis, 1961). We have 
thus found that cells in the.cerebral and cerebellar cortex of the cat and 
rabbit are readily excited by the dicarboxylic acids glutamic and aspartic, 
and the sulphonated analogue cysteic acid. On the other hand, the same 
cells are strongly inhibited by y-amino-butyric acid and B-alanine, which 
are produced by «-decarboxylation of the excitatory dicarboxylic acids. 
In this respect, cortical neurones resemble spinal neurones (Curtis & 
Watkins, 1960). However, cortical neurones differ in being relatively in- 
sensitive to any inhibitory action of taurine and y-aminopropane sulphonic 
acid, the products of «-decarboxylation of the sulphonated ery 
amino acids cysteic and homocysteic. 

Cortical cells are unlike spinal neurones in several other respects. For 
instance, most cells are excited by asparagine and inhibited by glyco- 
cyamine, the guanadino derivative of glycine (cf. Purpura, Girado, Smith, 
Callan & Grundfest, 1959). Furthermore, whereas spinal neurones are 
strongly excited by the L and p enantiomorphs of glutamate and aspartate 


(Curtis & Watkins, 1960) cortical cells are very much more sensitive to the | 


L than to the p form of glutamate, the usual sequence in descending order 
of activity being 
L-glutamate > L-aspartate > D-aspartate > p-glutamate. 

The readiness with which cortical cells are excited by L-glutamate is 
clearly strong evidence in support of the suggestion made by Van Harre- 
veld (1959) that glutamate is a factor in the causation of spreading de- 
pression; cortical neurones can readily be blocked by the passage of an 


excess of glutamate. In contrast, K ions applied electrophoretically in — 


comparable amounts are much less effective in exciting cells. Our results 
are consistent with Van Harreveld’s explanation for the greater effective- 
ness of p-glutamate in producing spreading depression when applied 
topically, that L-glutamate is probably metabolized rapidly by L-specific 
enzymes, which thus reduce its concentration around the cells. ; 

* Wellcome Research Fellow. 
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| Further purification of an active lipid acid from rabbit brain 


By N. Ampacne and Marcaret Reynoips. Medical Research Council 
_ Department of Physiology, Royal College of Surgeons of England, London, 
W.C. 2 

Aqueous extracts of Locke-perfused rabbit brain contain a spasmogenic 
unsaturated hydroxy-acid (Ambache & Reynolds, 1960). Extracts were 
partitioned at pH 7-5 with 1 vol. ether freed from peroxides by passage 
through Woelm neutral alumina and redistillation. The inactive ether 
phase was discarded and partition repeated at pH 3 with another 1 vol. 
ether. The active residue obtained by evaporating this ether in nitrogen 
was dried in vacuo and re-extracted with a little ether. This solution (E) 
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was centrifuged clear and applied to columns of Hopkin Williams chro- 
matography grade silica suspended in ether. The columns (diam. 5 mm; 

height, 8-10 cm) were eluted successively first with 100% ether, then 
with 5, 10, 15, 20, 25 and 30%, respectively, of redistilled methanol in 
ether. In four of five experiments the activity, assayed on atropinized 
hamster colons, appeared in the 10% methanol and subsequent fractions: 
in the fifth, in 15% methanol et seq. (Fig. 1 A). When the ethereal solution 
E was not centrifuged before chromatography an active component 
_ appeared in fractions 1 and 2. This seems to consist of a material which 
had been soluble in the wet acid ether during the partitions, but later 
insoluble in anhydrous ether and removable as a greyish precipitate. 

In four comparable experiments irin purified by partition into ether 
at pH 3 appeared in the 15% methanol and subsequent fractions (Fig. 
1B); occasionally a trace appeared in the first 5°%% methanol fraction. 
Aqueous brain extracts were also purified by treatment with 20 vol. 
acetone and evaporation of the centrifuged acetone to a residue. In two 
chromatographic experiments with this type of material activity first 
appeared at 10° methanol (Fig. 1C) and in a third, at 15%. 

Thus the active material from brain appears to have a polarity of the 
same order or slightly less than that of irin, but > ricinoleic acid (mostly 
in fractions 2 and 7). 

Brain sulphatide was inactive. 


REFERENCE 
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Visual acuity in insects : 
By E. T. Burtt and W.T. Catron. Departments of Zoology and Physiology, 
University of Durham, King’s College, Newcastle upon Tyne, 1 

Visual acuity of the insects was measured by using the spike impulses 
arising in the optic lobe and thoracic nerve cord when illuminated objects 
are moved in the visual field (Burtt & Catton, 1954, 1959). The stimulus 


was equally spaced black and white stripes mounted on a sliding carrier : 


moved across a window (Fig. 1 A); thus the eye is presented only with a 
set of rapidly displaced stripes. Nine locusts gave a mean of 0-3° + 0-08° 
for the smallest angle (9) between adjacent black stripes giving five or 
more responses in ten trials. Two species of Diptera gave 0-28° and 0-3°. 
These values are much lower than those deduced from behaviour experi- 
ments (e.g. 1° in the bee, Hecht & Wolf, 1929) which have been related 
to the angular separation of adjacent ommatidia. In the locust the latter 
value is 1°-2-4°, and comparable in the two Diptera. 
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Kye slices were examined under the microscope to find the images 
produced by a striped object held in the understage carrier (Fig. 1B). 
Each lenslet forms a separate image (Fig. 1B, 1) but this only allows 
resolution of stripes with an angular separation of more than 1°; at less 


Fig. 1. (A) Equally spaced black and white stripes subtending an angle (@) at the eye, 
moved across a window (w) used as a stimulus to produce spike responses in 
either optic lobe (0.l.) or thoracic nerve cord (t.g.). (B) Similar stripes forming 
images (1, 2, 3) in an eye slice (es.) arranged as a hanging-drop preparation on the 
coverslip (c.) viewed by the objective (0.). Size of images exaggerated. 7 


than 1° the image of the stripes becomes blurred. Deeper images are 
formed in the eye (Fig. 1B, 2, 3), lie within the basement membrane and 
give resolution of stripes of 0-5° and 0-35°, respectively. These images 
are due to interference phenomena arising from the first images. They do 

not always closely resemble the objects in the visual field; but they do 
allow resolution of stripes and could account for the acuity observed in 
the living preparation. 


We are indebted to Dr G. L. Rogers, College of Advanced ea Birmingham, for 
Collaboration in optics and to the Anti-Locust Research Centre for apparatus. 
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Effect of pregnancy on the histidine decarboxylase activity of the 
rat’s stomach 


By C. F. Copz and G. A. Hattensecx. Mayo Clinic and Mayo Founda- 
tion, Rochester, Minnesota, U.S.A. 


Kahlson, Rosengren & Westling (1958) have shown that in rats the 
urinary excretion of histamine increases on about the fifteenth day of 
pregnancy, reaching a peak the day before parturition and declining 
rapidly thereafter; that removal of the foetuses leads to a reduction of 
the urinary excretion of histamine (Kahlson, Rosengren, Westling & 
White, 1958), and that foetal liver is richer in histidine decarboxylase 
than other foetal or maternal tissues (Kahlson, Rosengren & White, 
1960). These observations indicated that the foetuses were the principal 
source of histamine excreted during the last part of pregnancy and that 
foetal liver probably contributed most of it. 


The most potent known source of histidine decarboxylase in the non- 


pregnant female rat is the glandular portion of the stomach (Schayer, 
1956; Waton, 1956). In the present study the histidine decarboxylase 
activities of stomachs from pregnant and non-pregnant rats have been 
compared. Virginal and bred female white rats of two Sprague-Dawley 
strains were used. Tissue was obtained after the rats were anaesthetized 
with ether. In the case of the stomach, all the glandular portion was 
used. In a few instances, tissue was frozen before use; more often it was 


homogenized while fresh. Histidine decarboxylase activity was measured 


by a modification of the method of Waton (1956). 

The mean histidine decarboxylase activity of stomachs from eighteen 
female non-pregnant rats was 18-7 yg of histamine formed/g/hr (s.£. 
+ 1-95); the comparable value for thirteen rats between the seventeenth 
and twenty-first days of pregnancy was 71-0 (s.z. + 12-36). The mean 
difference of 52-3 is significant (P < 0-001). More histamine could be 
extracted from stomachs of pregnant rats (80-5 ug/g + 8-27) than non- 
pregnant female rats (30-4 ug/g + 2°85), and again the difference between 
the means (50-1) is significant (P < 0-001). Foetal livers yielded the 
enzyme in higher quantities than did maternal stomachs, the mean value 
for the livers of thirteen litters being 139-3 yg/g/hr (s.m. + 14-13), but 
their mean content of histamine was lower (30-4 + 2-85). Tests on four 
animals indicated that no histidine decarboxylase was detected in foetal 
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placenta or maternal liver; activity in foetal carcases without liver 
averaged only 1-4 

These findings confirm the observations of Kahlson and associates that 
foetal liver is the richest sourcé of histidine decarboxylase during the 
last third of pregnancy in the rat and add that at the same time a nearly 
fourfold increase in the activity of the enzyme also occurs in maternal 
_ stomach. The data do not define the role of the increase in enzyme in the 
stomach. It may be more concerned with the delivery of histamine for 
local storage and use than that of the foetal liver, for the histamine 
content of the maternal stomachs was much greater than that of the 
foetal livers. 


This investigation was supported in part by a grant from the Louis W. and Maud Hill 
Family Foundation, St Paul, Minnesota, U.S.A. 
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Blood-brain barrier and extracellular space 


By H. Davson, C. R. Kimeman and E. Lavin. Department of Physiology, 
University College London 


It has been argued that the blood-brain barrier is not an expression of 
an impedance to diffusion across the cerebral capillaries but is due to an 
absence of a significant extracellular space in the tissue; thus the failure 
of sucrose and p-aminohippurate (PAH) to penetrate from blood to the 
nervous tissue to an appreciable extent is said to be due to their being 
‘extracellular’ substances and thus excluded from the water of the 
nervous tissue, which is said to be almost entirely intracellular. Evidence 
against this argument was presented by Davson & Spaziani (1959) who 
showed that these extracellular substances passed rapidly into pieces of 
cerebral hemisphere, maintained in Krebs—Ringer’s solution to which 
the substances had been added. It can be argued, however, that the 
tissue under these conditions was abnormal, so that the experiment has 
now been repeated by an in vivo technique, the cerebrospinal fluid of the 
anaesthetized rabbit being repeatedly replaced with a Ringer’s solution 
containing PAH and sucrose. After 2-3 hr the brain and spinal cord were 
removed and the concentrations of PAH and sucrose in the tissues and the 
Ringer’s solution compared. From these results PAH and sucrose spaces 
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were computed for cord and brain; these are shown in Table 1. The cord 
has spaces in the region of 12%. The low figures for the brain are due to 
the circumstance that the replacement fluid injected into the cisterna 
magna does not reach the convexities of the cerebellum and cerebral 


TaBLE 1. PAH- and sucrose-spaces of brain and cord 


Duration 
Space (%) of 
Expt. A expt. 
no. Substance Brain Cord (hr) 
1 Sucrose 2-2 14-1 2 
PAH 1-4 8-5 
2 Sucrose 4-9 12°3 2 
PAH 3°5 11-6 
3 Sucrose 6-6 eat 2 
PAH 1-7 12-5 
4 Sucrose — 12-0 3 
PAH 10-8 


cortex, as is shown by injected dyes in control experiments; by contrast 
the cord is well bathed throughout its length by the replacement-fluid. 
_ Since the blood-brain barrier extends to the cord, it is difficult to escape 
the conclusion that the failure of PAH, sucrose, etc., to penetrate the 
nervous tissue of brain and cord to an appreciable extent is due to some 
impediment to their passage from the blood, i.e. there is a blood-brain 
barrier. 
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An analysis of the primary cardiovascular reflex effects of 
. stimulation of the carotid body chemoreceptors 


By M. Buren Daty and Mary J. Scorr*. Department of 
Bartholomew's Hospital Medical College, London, E.C. 1 


In dogs, spontaneously breathing room air, stimulation of the carotid 
bodies by hypoxic blood causes cardiovascular effects due to at least two 


mechanisms occurring simultaneously: (1) a primary cardiovascular reflex — 


arising from the chemoreceptors themselves, and (2) events arising 
secondarily from the concomitant reflex increase in respiratory minute 
volume (Daly & Scott, 1958, 1960). These secondary effects may be 
excluded by maintaining pulmonary ventilation constant by means of 
a pump. 


* Present address: Department of Physiology, Marischal College, Aberdeen. 
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The primary cardiovascular reflex effects include bradycardia and peri- 
pheral vasoconstriction, and the present investigation was made to analyse 
the nervous pathways through which these responses are mediated. 

Dogs were anaesthetized with either pentobarbitone sodium (Nembutal, 
_ Abbott Laboratories Ltd., 45 mg/kg) or a mixture of chloralose (0-05 g/kg) 
and urethane (0-5 g/kg) intravenously, preceded by morphine hydro- 
chloride (2 mg/kg) subcutaneously. They were artificially ventilated by 
means of a Starling ‘Ideal’ pump and were given decamethonium iodide 
_ (0-25 mg/kg) to prevent spontaneous respiratory efforts occurring during - 
stimulation of the chemoreceptors. The carotid body chemoreceptors, 
isolated from the circulation, were stimulated by changing the perfusate 
from oxygenated to hypoxic blood obtained from a donor dog (Daly & 
Scott, 1958). The carotid sinus pressure was automatically maintained 
- at the same level as the systemic blood pressure. The vascular resistance 
in one limb was measured by isolating the limb from the circulation and 
perfusing it by means of a Dale-Schuster pump at constant blood volume 
inflow from a second donor dog. In other experiments, the blood flow in 
a femoral or inferior mesenteric artery was continuously recorded by 
means of a rotameter. 

Stimulation of the carotid bodies invariably caused bradycardia, and 
an increase in vascular resistance in the limb and splanchnic area. 

The peripheral vasoconstriction was abolished by the administration 
of hexamethonium or by denervation of the vascular territory being 
perfused, indicating that it is mediated via the sympathetic nervous 
system, as found previously by Bernthal (1938) and by Bernthal & Schwind 
(1945). On the other hand, the bradycardia resulting from chemoreceptor 
stimulation was often reduced but not abolished by division of the cervical 

vagosympathetic nerves. This residual response could be abolished either 
_ by hexamethonium or by applying a local anaesthetic to the stellate 
ganglia. 

These results indicate that the slowing of the heart is pan both to an 
increase in vagal tone and to a reduction in sympathetic tone. It is of 
interest, however, that whereas stimulation of the carotid bodies reflexly 
reduces the cardiac sympathetic activity, the activity in sympathetic 
nerves to blood vessels in the limb and eipaene © area is simultaneously 
increased. 
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Muscle blood flow during exercise in patients with intermittent 
claudication 


By D.N. Watper. Department of Surgery, The Medical School, Newcastle 
upon T'yne 


Techniques of estimating calf muscle blood flow, which detend on 


measuring the changes in volume of the limb during venous occlusion, 
are difficult to apply when the patient is exercising, especially if the 
exercise consists of walking. 

' Tt has been established that, with certain provisos, muscle blood flow 
is related to the clearance rate of a depot of radioactive sodium chloride 
previously injected into a muscle (Walder, 1955). A portable apparatus, 


which can be carried in a pack on the subject’s back, has been developed 


for recording the rate of clearance of radioactive sodium from the calif 


muscle (Molyneux, Turnbull & Walder, 1958), thus enabling the pattern 


of blood flow before, during and after various types of exercise in normal 
subjects and patients with intermittent claudication to be studied. 

In a patient who claudicates, it can be shown that at rest there is little 
impairment of blood flow compared with a normal subject. During exercise, 
however, impairment of the blood flow is at once obvious and, in some 
circumstances, blood flow actually ceases. At the end of exercise, a period 
of rapid flow comparable to that of a normal subject occurs. 

An attempt has been made to explain this markedly diminished flow 
during exercise in patients with claudication. One factor thought to 
influence muscle blood flow is the intramuscular tension developed during 
contraction (Barcroft & Millen, 1939). Experiments in which normal 
‘subjects and patients with intermittent claudication made a series of 
increasingly strong sustained contractions of the calf muscle showed that 
for any given contraction the muscle blood flow was less in those with 
claudication than in normal subjects, and that muscle blood flow ceased 
at a strength of contraction which was less in claudicants than in normal 
subjects. When the strength of contraction is such that no blood flow 
occurs, the intramuscular tension is ery greater than the pressure 
in the nutrient vessel. . 

It is therefore concluded that in patients who claudicate a subnormal 
pressure in the nutrient artery is the determining factor. At rest and 
immediately after exercise, when intramuscular tension is low, the effect 
of a lowered pressure in the nutrient artery is minimal and flow under these 
conditions is little affected. 

_ This conception of the cause of claudication in exercise allows a logical 
explanation for the unsatisfactory results to be obtained from the use of 
muscle vasodilator drugs and the operation of lumbar sympathectomy in 
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this condition and also for the fact that a patient can claudicate in eptte | 
of an apparently anatomically normal muscle vasculature. 
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The histamine content of gastric juice during gastrin stimulation 


By BranmapuTt, A. P. Dovenas and H. J. Lake. Department of 
Physiology, Medical School, King’s College, University of Durham, Newcastle 
upon Tyne 1 

Important evidence in favour of the hypothesis (Babkin, 1938) that 
histamine is released as a local agent at the parietal cell is that gastric 
juice, however stimulated, contains histamine. Code (1956) observed, 
however, that the juice secreted by dogs in response to a meat meal had 
a ratio of histamine-to-acid output which was greatest in the first } hr 
after feeding, much less in the second } hr and least in subsequent periods. 
This suggests that histamine may not be as important in the chemical as in 
‘the nervous phase of gastric secretion. Support for this interpretation came 
from Kaulbersz & Bugajski (1956) who found that in dogs gastric secretion 
contained 34 ng of histamine/ml. after vagal stimulation and only 1-2 ng/ 
ml. in response to gastrin. Emmelin & Kahlson (1944), however, found in 
anaesthetized cat a wide range of histamine concentrations in both vagal 
(4-150 ng/ml.) and gastrin (20-55 ng/ml.) stimulated secretion. This 
matter has been investigated further with a histamine-free gastrin which 
does not depend for its action upon a generalized release of histamine 
- (Blair, Brahmadutt, Harper & Lake, 1961). 

Experiments were performed on anaesthetized cats with their vagus 
and splanchnic nerves cut. The stomach was intubated via the oesophagus 
and the pylorus occluded. An isosmolar solution of hydrochloric acid in 
saline (pH 2:3) was run into the stomach and replaced at intervals. 


Samples of the washings were estimated for hydrogen ion and free histamine _ 


(Adam, Hardwick & Spencer, 1957). Gastrin was administered in saline 
intravenously at the rate of 3-5 mg in 45min. Gastric washings were 
obtained both during gastrin stimulation and during control periods ‘in 
which there was no stimulation and little or no spontaneous hydrogen 
ion secretion. 

During the control periods the output of histamine was 15-3 ng (S.E. 
+ 2-6)/30 min and during active hydrogen ion secretion in response to_ 


gastrin stimulation it was 17-0ng (8.8. + 2-9)/30 min. There is no significant 
e-2 
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difference between the means of the histamine content in these two groups. 
No correlation was found between histamine output and the amount of 
acid secreted in response to gastrin stimulation over the range 0-13- 
1-91 m-equiv HC1/30 min. 

The low histamine content of gastrin-stimulated gastric secretion is in 
accordance with the findings of Kaulbersz & Bugajski, and suggests 
that the histamine content of gastric juice cannot be used as evidence 
for the view that histamine is an intermediary in the action of gastrin. 
These results also provide evidence that rates of acid secretion up to 
1-91 m-equiv HCl/30 min do not lead to the release of histamine as a side 
effect of parietal cell activity (Gregory, 1955). : 
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The effect of atropine upon —— -stimulated acid gastric 
secretion 
By E. L. Bua, A. A. Harper, H. J. Lake and J. D. Resp. Department 


of Physiology, Medical School, Ki ing ’s College, University of Durham, 
Newcastle upon Tyne 1 


The gastrin of earlier workers may not have been inhibited by atropine | 


because the extracts contained histamine. This observation has however 
been made in anaesthetized cats by Komarov (1942) using histamine-free 
extracts, and by Blair, Harper, Lake, Reed & Scratcherd (1961) using 
histamine-free extracts which do not depend for their action upon a 
generalized release of histamine (Blair, Brahmadutt, Harper & Lake, 
1961). Nevertheless, Gregory & Tracy (1961) found that their histamine- 
free extracts were strongly inhibited by atropine in man and in the 
conscious dog. It seemed desirable to investigate further the effect of 
atropine upon gastrin stimulation in the anaesthetized cat. 

Cats were anaesthetized with chloralose. The vagus and splanchnic 
nerves were cut in the majority of experiments, although these procedures 
did not appear to influence the results. The stomach was intubated via 
the oesophagus and the pylorus occluded. In a few experiments the 
external secretion of the pancreas was studied in addition to the gastric 
secretion. Gastrin was administered sahouMnPouRy or intravenously. 
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Atropine sulphate up to 1 mg/kg body weight, intravenously, did not 
produce any significant effect upon intermittent or continuous gastrin- 
stimulated acid secretion in twenty cats. The range of acid outputs varied 
from 0:02 to 1-2 m-equiv/15 min. Maximal gastrin secretory responses 
were not determined, but in seven experiments with acid outputs less than 
0-35 m-equiv/15 min, it was demonstrated that the secretory rate could 
be at least doubled by injecting larger doses of gastrin. Comparable rates 
of cholinergically stimulated acid secretion could be completely inhibited 
by atropine. 

The discrepancy between these results and those of Gregory & Tracy 
does not depend on the method of preparing gastrin, since similar results 
were obtained with extracts made by the technique of Gregory & Tracy 
(1959). Like our extracts, these also stimulate pepsin secretion, stomach 
tone, the flow of pancreatic juice, and the output of amylase from the 
pancreas. All these effects can be obtained in the atropinized animal. 

Muscarinic cholinergic excitation clearly does not play an essential 
part in the response of the parietal cell to gastrin in the anaesthetized cat. 
In conscious animals and man the inhibitory effect of atropine may not — 
be due to direct interference with the action of gastrin on the parietal cell. 
It might possibly be secondary to the stimulant action of atropine on the 
vasomotor centre, resulting in constriction of the splanchnic vessels. 
Alternatively it might result from the blocking of a tonic sub-threshold 
cholinergically-mediated release of gastrin from the antrum by which the 
response to injected gastrin in man and conscious animals is enhanced. | 
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The effect of type of stimulus on the composition of saliva 


By C. Dawzs and G. N. Jenkins. Department of Physiology, Medical 
School, King’s College, University of Durham, Newcastle wpon Tyne 1 
Pavlov (1910) stated that the composition of saliva in dogs was adapted 
to the nature of the stimulus, and Pickerill (1912) interpreted teleologically 
the high alkalinity of the saliva produced in human subjects in response 
to acid stimuli. The possibility that these reported differences in composition 


are related to rates of flow, rather than to specific stimuli, has not been . 
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adequately investigated. Changes in the proportion of saliva derived 
from the parotid and submandibular glands with different stimuli would 
also modify composition. In man there have been few studies in which 
the response of the different glands to a variety of stimuli have been 
compared. 

Saliva has been collected separately from the parotid and submandibular 


ducts after a variety of stimuli each at several levels of intensity. The 


concentrations of sodium, potassium and phosphate were found to be 
related to rates of flow irrespective of the nature of the stimulus, i.e. there 
was no evidence of specific adaptation to different stimuli. The only striking 
result with calcium was that the concentration in submandibular saliva 
was three times greater than in parotid saliva. 

The concentration of amylase in parotid saliva, however, was higher, 
at any particular rate of flow, when ‘Oxo’ was the stimulus than with fruit 
drops. Contrary to the findings of Ferguson, Krahn & Hildes (1958), the 
concentration of amylase was observed to rise with increasing rates 
of flow. 

The pH value of ‘resting’ saliva, measured without contact with air, 
varied between 5-55 and 5-8 for parotid, and somewhat higher for sub- 
mandibular saliva, rising to 7-9 with maximum rates of flow (confirming 
Schmidt-Nielsen, 1946). The pH was clearly related to the rate of flow and 
not to the pH of the stimulus. Even substances with pH values as widely 
separated as sodium bicarbonate and citric acid, in quantities which 
stimulated comparable rates of flow, caused the secretion of saliva with 
similar pH values. 

In one subject with whom it has been possible to collect simultaneously 
from both parotid ducts and the joint submandibular ducts, different 
stimuli altered the proportional contribution from the two types of gland. 
In general, mainly mechanical stimuli (presence of sand, or chewing wax 
or bread) promote twice as much parotid as submandibular saliva, 
whereas strongly sapid materials stimulate both glands about equally. 
The composition of mixed saliva could, therefore, vary under the influence 
_ of different foods by this unequal response by the two types of gland. 
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The lability of plasma ‘Porter Silber chromogens’ in the peri- 
pheral circulation of normal subjects and psychiatric patients 


By Buryi Giockiine, M. Harper and M. Rots. Department of Psycho- 
logical Medicine, Medical School, King’s College, University of Durham, 
Newcastle upon Tyne, 1 


A relationship has been demonstrated between emotion and adreno- 
cortical function by measuring steroid levels in urine and plasma (Mason, 
1959; Persky, Korchin, Basowitz, Board, Sabshin, Hamburg & Grinker, 
1959). The diurnal variation of plasma corticosteroid is also well established 
(Jenkins, 1960). 

In the present investigation ‘Porter Silber chromogens’, believed to be 
principally hydrocortisone, have been measured by the method of Peterson 
(Peterson, Karrer & Guerra, 1957) in blood samples taken from the 
antecubital vein. | 

Many of the patients investigated have been suffering from a clearly 
defined neurotic illness, the phobic anxiety depersonalization syndrome, 
which is characterized by a lowered anxiety threshold to a wide variety 
of stimuli and situations. Samples taken at weekly intervals during 
_ treatment showed a relationship between a reduction in the amount of 
‘Porter Silber chromogens’ and a’ satisfactory therapeutic response. 
Further studies on samples taken immediately before and after an intra- 
venous injection of thiopentone, and also before and after electro-con- 
vulsive therapy modified with thiopentone and suxamethonium chloride 
showed that significant changes in plasma levels could occur over shorter 
intervals than had been expected. Injection of thiopentone generally pro- 
duces a reduction, and an electrically induced convulsion usually an 
increase in the plasma level (Harper, Glocking & Roth, unpublished). 

_ These unexpected variations in ‘Porter Silber chromogen’ levels over 
short periods were further investigated by making serial estimations on 
blood samples taken at approximately 10 min intervals for 1 hr in 8 normal 
subjects and 13 patients. The experiments were conducted between 
9.30 a.m. and 10.30a.m. A rating of the subjects’ emotional state was 
carried out by the psychiatrist at intervals throughout the experiment and 
it was found that patients reacted in an individual and variable way to 
the stress of repeated venepuncture and some spontaneously ventilated 
emotionally distressing topics when engaged in general conversation. 

Variations were observed in the plasma levels of both normal subjects 
and patients. In the patients not only was there a significantly greater 
liability of level, but the average level was also higher than in normal — 
individuals. 

These results support the suggestion (Prunty, 1960) that the estimation 
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of steroid levels under basal conditions may give misleading results. It is 
' also apparent that the fluctuation in ‘Porter Silber chromogens’ over 
relatively short time intervals makes the interpretation of individual 
samples, particularly from anxious subjects, very difficult, even if vene- 
puncture is always performed at the same time of the day. 


The work was assisted by a grant from the Mental Health Research Fund. 
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The urinary excretion of human chorionic gonadotrophin in 
normal pregnancy | 


By D. V. I. Farrweatuer and J. A. Lorain. Department of Midwifery 
and Gynaecology, King’s College, University of Durham, Newcastle upon 


Tyne 1, and M.R.C. Clinical Endocrinology Research: Unit, U penny of 
Edinburgh 


The normal excretion sale of human chorionic gonadotrophin (HCG) 
have been determined by Loraine (1958) on a group of fourteen subjects. 
In five of these 24 hr urine collections were assayed at weekly intervals, 
and in a further nine subjects isolated determinations were made at 
various stages of pregnancy. Four of the five subjects studied throughout 


pregnancy were multiparous and only one primigravid. The majority of 


. the nine subjects in whom isolated readings were made were multiparous. 
The average age was 30 years. 

Recently six normally pregnant women in their first pregnancy were 
studied in Newcastle upon Tyne. Their ages ranged from 20 to 32 years. 
Twenty-four-hour specimens of urine were obtained at weekly intervals 
up to the 20th week of the pregnancy. The total volume of the sample 
was measured, and its H.C.a. content assayed by the method of Loraine 
(1950). 

Table 1 shows the excretion levels in the Edinburgh and Newcastle upon 
‘Tyne groups for three separate stages of pregnancy. The mean excretion 
in the Newcastle upon Tyne normal subjects was significantly higher 
than that from the normal subjects in Edinburgh at all stages of pregnancy. 
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(P < 0-001 for the periods of gestation 7-20 weeks, 7-10 weeks and 11—15 
weeks; P < 0-01 for the period 16-20 weeks.) 

This difference between centres is at first sight difficult to explain, but 
it is possible that factors such as age and parity of the subjects may have 
been responsible, in view of the fact that the series from Newcastle upon 
Tyne was a carefully selected group of young women in their first preg- 
nancy, whereas the series from Edinburgh consisted mainly of older 
multiparous women. Investigations are at present in progress to determine 
the effect of age and parity on H.C.G. excretion in normal pregnancy. 


TABLE 1. H.C.G. excretion in normally pregnant women according to stage of pregnancy 


H.C.G. excretion, i.u./24 hr 


Stage of No.of No. of 


Centre pregnancy subjects readings Mean+s.z. of mean Range 
Newcastle 7—10/52 4 9 53,400 + 3,780 35,000—71,400 
Edinburgh 7-10/52 6 14 29,190 + 1,890 18,320—46,000 
Newcastle 11-15/52 6 27 37,780 + 1,360 11,520—82,810 
Edinburgh 11-15/52 9 26 11,410 + 1,400 4,500-32,740 
Neweastle 16—20/52 6 25 9,120 + 640 4,830-18,130 
Edinburgh 16—20/52 9 19 6,760 + 320 4,500—9,350 
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Electrolyte content and inulin space of the cat pancreas 


By D. G. Cuark*, A. A. Harper and T. ScratcHerp. Department of 
Physiology, Medical School, King’s College, University of Durham, New- 
castle wpon Tyne 1 


In connexion with an investigation of the electrical activity of the 
pancreas, the pancreatic intracellular. electrolyte levels have been de- 
termined. Previous work has mostly been carried out on the whole gland 
(Oldfelt, 1943; Manery, 1954). The contribution of the extracellular fluid 
to the whole gland analysis of the cat pancreas has now been estimated 
by the inulin space technique. 

In cats anaesthetized with chloralose the splanchnic nerves were cut 
and. the renal vessels tied. Inulin solution (0-6 g/kg) was injected intra- 
venously. After an equilibration period of 2-5-5 hr, the animals were 
killed by exsanguination, the pancreas removed, blotted gently, and as 
much fat and connective tissue as possible were dissected off. Sodium, 
potassium, chloride and inulin were estimated in both tissue and plasma, 
and the fat and water content of the pancreas measured (Table 1), As the 
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fat content of the pancreas varies considerably, it is clear that the 
results are best expressed in terms of wet fat-free tissue (Hastings & 
Eichelberger, 1937). 


In studies on the rat pancreas Schneyer & Schneyer (1960) have reported — 
similar figures for potassium, chloride and inulin space, but an intracellular | 


sodium concentration which is about half that in the cat. 


TABLE 1. Composition of the cat pancreas (14 experiments) 


Intracellular com ition 
Tnulin (m-equiv 


space Fat Water 

(mi./kg) (g/kg) (mi./kg) K Cl 

Mean 188-0 37-4 769-6 23°35 94-8 23-4 
8.D. 34-2 27-90 13-5 7°85 7-40 4-16 


Results expressed per kg wet fat-free tissue. 
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The effect of mesencephalic lesions or pinealectomy on the 
sodium retention produced by suprahepatic constriction of the 
inferior vena cava in rats 


By R. Keever. Department of Physiology, M edical School, King’s College, 
University of Durham, Newcastle upon Tyne 1 

It has been postulated (Farrell, 1960) that the pineal gland and/or the 
anterior central part of the mid-brain are necessary for the production of 
_a trophic factor which controls the secretion of aldosterone. If this view 
is correct it may be expected that destruction of these areas will prevent 
the retention of sodium associated with the secondary hyperaldosteronism 
produced by suprahepatic constriction of the inferior vena cava (IVC). 

To test this hypothesis the effect of suprahepatic constriction of the 
IVC has been studied in adult male albino rats which 1-2 weeks previously 
had been pinealectomized or given large electrolytic lesions stereotaxically 
placed in the anterior central part of the mid-brain. Urine samples were 
collected overnight (16 hr). The rats were deprived of food for 8 hr before 
starting the urine collection but water was given. 

Sodium excretion (Ux,V) in rats which 5 days previously had been 
subjected to constriction of the IVC fell to a mean value of 33 p-equiv/ 
16 hr from the control level of 509 y-equiv (P < 0-001). The mean Na:K 
ratio fell from 0-59 to 0-035. An injection of the aldosterone-blocking 
agent, Spironolactone SC.8109 (5 mg/rat) caused a natriuresis in rats 
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with constriction of the IVC. (Ux,V = 1412 p-equiv; Na:K = 2-15; 
P < 0-001) but had no significant effect in control rats (Uy,V = 790; 
Na:K = 0-81; P > 0:02). Sodium excretion was found to be slightly 
higher in pinealectomized rats than in normal controls (Uy,V = 912; 
Na:K = 0-93; P < 0-01), but when subjected to IVC constriction these 
animals developed severe sodium retention and ascites (Uy,V = 49; 
Na:K = 0-039; P < 0-001). Similarly, sodium excretion in rats -with 
mesencephalic lesions was greater than in control animals (U,,V = 1222; 
Na:K = 1:03; P < 0-001) but these rats also developed sodium retention 
and ascites when subjected to IVC constriction (Uy,V = 128; Na:K = 
0-078; P < 0-001). In both cases SC.8109 caused a great increase in 
sodium output with a fall in the excretion of potassium. In pinealectomized 
rats given SC.8109, U,V = 1436; Na:K = 1-93; P < 0-001 and in rats 
with mid-brain lesions U,,V = 1896; Na:K = 1-97; P < 0-001. 

In all animals with IVC constriction, venous pressure measured in the 
IVC by means of a saline manometer was found to be greatly increased. 
The mean value for twenty-three operated rats was 10-52 cm saline 
compared with 2-13 cm saline for ten normal animals (P < 0-001). 

The results of these experiments suggest that the anterior central mid- 
brain area and the’ pineal gland cannot be the only sources of the adreno- 
glomerulotrophic hormone. 


The author wishes to thank Dr G. R. Venning of G. D. Searle and Co. Ltd. for a generous 


supply of SC.8109. 
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The influence of female sex hormones on melanin pigmentation of 
the skin 


By R. 8. Snetu. Department of Anatomy, Medical School, King’s College, 
University of Durham, Newcastle wpon Tyne 1 


Most of the observations on the influence of the female sex hormones 
on pigment formation have been macroscopic only and microscopical 
studies have been confined to vertical skin sections. Vertical sections have 
the disadvantage that accurate melanocyte counts are impossible and 
that the appearances of the melanocytes cannot be adequately demon- 
strated. The present research is a histochemical investigation into the 
‘appearances of the melanocytes in the skin of pure red and pure black 
female guinea-pigs, following ovariectomy and the administration of 
oestrogen or progesterone, using both skin sheets and vertical sections. - 
Skin samples were removed from the ear, anterior abdominal wall, areola , 
and sole of foot. Most of the samples were left intact, but a few were split, 


is 
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by the technique of Billingham & Medawar (1951) as modified by 


Szabé (1955). All the samples were then processed under identical 


conditions using the dihydroxyphenylalanine reaction. 

Following ovariectomy the melanin content of the melanocytes was 
reduced and many of the melanocytes became smaller in size and had 
shortened dendritic processes. Some melanocytes had a deformed ap- 
pearance, which varied from a minor irregularity of the cell contour to an 
advanced degree of cell collapse with fragmentation of the dendritic 
processes. A significant reduction of the melanocyte count occurred only 
in the areola and this was accompanied by a reduction in the amount of 
free melanin. 

In the ovariectomized animals which received oestrogen (oestradiol 
monobenzoate, 0-1 mg/day, intramuscularly 5 days a week for 4 weeks), 
the amount of melanin was increased both inside and outside the melano- 
cytes in all the regions. The greatest increase occurred in the areola, where 
it was mainly due to a large increase of free melanin. No statistically 
significant changes in the counts were produced in any of the skin regions. 


In the ovariectomized animals which received progesterone (0-4 mg/day, 


5 days a week for 4 weeks) the general effect produced was similar but 
less than that which occurred after oestrogen treatment. 

’ In the ovariectomized animals which received oestrogen and progesterone 
together in the same doses as when administered separately, the stimu- 


lating effect on melanogenesis was very much greater than when either 


hormone was given alone. The two hormones produced their greatest 
effect on the melanocytes in the skin of the areola. No statistically signifi- 
cant changes in the melanocyte counts were produced in any of the skin 
regions. | 
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- The influence of sinning local anaesthetics on the inhibitory effect 
of low pH in the pyloric antrum on acid secretion 


By Mary Reprorp and B. Scnorre.p. Department of Physiology, Medical 
School, King’s College, University of Durham, Newcastle wpon Tyne 1 


The inhibitory effect of low pH in the pyloric antrum on gastrin- 
stimulated secretion of acid by the fundus may be consequent upon 
interference with gastrin release (Longhi, Greenlee, Bravo, Guerrero & 
Dragstedt, 1958) or the release of an inhibitory hormone to acid secretion 


(Harrison, Lakey & Hyde, 1956; Jordan & Sand, 1957). Nothing is known 
of the afferent side of this process. 
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The antral pH must be in the region of 1-5 before the inhibition of acid 
secretion is effective (Woodward, 1960). It seems impossible that this 
low pH could exist within the mucosa and it presumably acts on surface 
receptors. It is generally accepted that a local nervous pathway is con- 
cerned in the release of gastrin by food extractives, since their effect is 
prevented by topical application of local anaesthetics. The following 
experiments were carried out to see if a similar influence could be exerted 
on the inhibitory effect of acid. 

Experiments were carried out on dogs. Irrigation of an antral pouch 
with 0-1°% ACh produced a plateau of acid secretion from a Heidenhain 
pouch. Acetylcholine is a gastrin-releasing agent which presumably acts 
close to or directly on the effector cell. Lim & Mozer (1950) briefly reported 
that its effect was not prevented by local cocaine. Its effect on acid 
secretion, however, is strongly inhibited by low antral pH (Kim, 1955). 

Application of 5°, cocaine or 3% lignocaine to the antral mucosa 
either before or for 14 hr during the secretion in response to ACh did not 
affect the acid production, confirming the observation of Lim & Mozer 
(1950). Acidification of the ACh to pH 1-5 abolished the response within 
lhr. The anaesthetic agents applied for 4 hr before and during 1 hr of | 
acidification did not affect the intensity or the rate of onset of the inhibition. 
Their ability to inhibit the effect on acid secretion of antral irrigation with 
meat extract was confirmed on the dogs used. 

In the interpretation of these experiments it must be realized that the 
local anaesthetics are virtually inactive at low pH values. There is there- 
fore no certainty of any effect on surface structures directly exposed to 
the acid irrigation. The local anaesthetics however have a high mucosal 
penetrant power and will become active as soon as they approach normal 
tissue pH values. The ability of both drugs to exert their effect when 
topically applied at low pH has been demonstrated by experiments in 
man in which they were applied to the gingival mucosa. Most subjects 
were unable to differentiate the anaesthetic effects of solutions of pH 1-5 
and normal pH. | 

It is concluded that the experiments give no support to the possibility 
that an intramucosal nervous pathway is concerned in the inhibitory effect 
of acid in the antrum. | 
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The electrolyte content of histamine-stimulated nog secretion 
in the cat 


By £. L. Bua and A. K. Yassin. Department of Physiology, Medical 
School, King’s College, University of Durham, Newcastle upon Tyne 1 


In histamine-stimulated gastric juice, the rising hydrogen-ion concen- 
tration is linearly correlated with the falling sodium concentration 
(Hollander, 1961). This could be due to dilution of a sodium-containing 
non-parietal component by the parietal cell component, to a reduction 
in sodium output or to a combination of these. The present experiments 
reveal a reduced rate of sodium output during histamine-stimulated 
gastric secretion in the anaesthetized cat. 

In thirty cats, anaesthetized with chloralose, the vagus and splanchnic 
nerves were cut and the bile and pancreatic ducts tied off. The stomach was 
intubated via the oesophagus, the upper end of which was ligated, and 
the pylorus was occluded. In six experiments the pyloric gland and 
parietal cell areas of the stomach were intubated separately and a ligature 
applied at their junction. Fifty millilitres of isosmotic glycine or mannitol 
solutions were run into the whole stomach or body of stomach and 5 or 
10 ml. into the pyloric compartment. These solutions were replaced at 
10 min intervals and samples taken for analysis. Histamine was given 
by slow intravenous injection in isotonic saline or glucose for periods up 
to 2 hr. 

In contrast to the linear correlation which exists in these experiments 
between the outputs of potassium and of hydrogen ion during histamine 
stimulation (Blair, Harper, Harris, Reed & Wilkinson, 1960), there is no 
correlation between sodium and hydrogen-ion output at this time. 
Unrelated to the rate of hydrogen-ion output, the rate of sodium output 
falls to 45-6 % (s.m. + 2-08) of that present under basal conditions. This 
lower output is reached within 10-20 min after starting the histamine 
injection and is maintained until a similar period after the infusion ceases. 
Both the pyloric gland area and the body of the stomach are important 
contributors to the sodium output during basal and stimulation periods. 
A similar percentage reduction in sodium output occurs in both compart- 
ments during stimulation. 

As the absorption of sodium from the antrum and body of the stomach 
into the blood is greater during basal conditions than during acid secretion 
(Cope, Cohn & Brenizer, 1943), the reduced sodium output during histamine 
stimulation seems likely to be due to a reduced secretion rather than an 
increased reabsorption of sodium. As this reduction in sodium output also 
occurs in the pyloric antrum, it is not likely to be the result of an increased 
exchange of sodium in a postulated primary secretion of the ‘gastron’ 


evi 
is | 
cor 
BL 
Cor 
Hie 
Ho 
Bi 
B 
Sc 
| ap 
ca 
De 
& 
in 
co 
| CC 
()- 
le 
9( 
| OI 
Ww 
t 
i 
£ 
Q | 
a 


SOCIETY, 22-23 SEPTEMBER 1961 83P 


_ (Hirschowitz, 1961) for hydrogen ions from the parietal cells. The present 
evidence suggests that during histamine-stimulated gastric secretion there 
is a reduction in the contribution from a sodium-containing secretion 
common to the pyloric gland and parietal cell areas of the stomach. 
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Biliary and urinary metabolites of [4-'*C] corticosterone in the cat 


By T. ScratcHEerD and W. Tayior. Department of Physiology, Medical © 
School, King’s College, University of Durham, Newcastle wpon Tyne 1 


When ["*C]progesterone is injected intravenously, radioactive metabolites 
appear in bile. These account for the greater part of the progesterone in 
cats (Taylor & Scratcherd, 1960, 1961) and rodents (Shen, Elliott, Doisy & 
Doisy, 1954), and for about half the administered dose in man (Sandberg © 
& Slaunwhite, 1958). However, up to 90% of other labelled steroids, 
including corticosteroids, is excreted in the urine of human subjects (see 
Sandberg & Slaunwhite, 1958, for refs.). The metabolism of [4-!4C]corti- 
costerone in male cats has now been studied. 

Animals were prepared as previously described (Taylor & Scratcherd, 
1961), except that bile was collected by inserting a polythene tube in the 
common bile duct and tying off the cystic duct. 

In two animals 0-11 mg (5 yc) [4-!4C]corticosterone in 0-2 ml. ethanol: 
0-8 ml. saline was administered over 10 sec, and bile and urine were col- 
lected for 4hr. Excretion of radioactivity was greater in bile (85-8, 
_ 90-9) than in urine (1-1, 0-9). Successive hourly samples of bile from 
one cat contained 59-3, 17-6, 6-1 and 2-8 % of the dose respectively. Bile 
was collected from the second cat for three 20 min periods followed by 
_ three 1 hr periods; 0-9, 25-4, 21-3, 31-9, 8-0 and 3-4 % of the dose appeared 

in these samples respectively. 

In two animals 1-4 mg (5c) steroid in 0-5 ml. ethanol: 25 ml. saline was 
given as a continuous infusion over 45min, and bile and urine were 
collected for 5 hr. Most of the radioactivity appeared in the bile (91-7, 
88-8 %) with little in the urine (0-6, 0-5 %). 

Neutral metabolites rendered soluble in ether:ethyl acetate (75:25) by | 
successive hydrolytic procedures (Taylor & Scratcherd, 1961) were 

_ determined. Because of their low radioactivity content total urine samples 
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of each animal were combined for analysis, but bile samples collected over 
0-5 or 1 hr were analysed. In bile from all animals unconjugated meta- 
bolites were absent: the proportion of glucuronides decreased. with time 
after injection, water-soluble metabolites increased and cold-acid hydro- 

lysed metabolites remained constant. In animals given a single dose of 
steroid, hot-acid hydrolysed metabolites decreased with time, whereas in 
the other pair of animals the proportion of these metabolites increased 


slightly in one cat and rose and fell in the other. In both bile and urine © 


most of the radioactivity remained water-soluble after all forms of 
hydrolysis. 
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The anatomical basis of cutaneous sensation 


By N. Cauna. Department of Anatomy, King’s + College, University of 


Durham, Newcastle wpon Tyne, 


The delayed polypnoeic response to heat in the shorn sheep 
By J. Buicu. A.R.C. Institute of Animal Physiology, Babraham, Cambridge 


It has been shown that the onset of polypnoea in sheep can occur in the 
absence of any rise in the temperature of the blood supply to the brain, 
and it was assumed that the peripheral receptors involved must be located 
at some relatively naked area (Bligh, 1959). This has been confirmed by 
Waites (1961). If there are also warm-receptors beneath the fleece, its 
removal might enhance the onset of polypnoea. If, as Waites suggests, 
there are very few, the removal of the fleece might have no effect: upon 
the response. 

The removal of the fleece, or a large area of it, has been found to cause 
a reduction in respiratory frequency at room temperature (20° C) from a 
labile value of about 90/min to a very steady value of 12-20/min. When the 
ambient temperature is raised to 42° C, there is no change in respiratory 
frequency for up to 50 min. The onset of polypnoea then occurs abruptly 
and rapidly reaches the same value as in the unshorn animal at that 
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ambient temperature. This effect can be completely reversed by covering 
the shaved area with an insulating coat overnight and keeping it in 
position during the experiment. As the fleece regrows, the delay in the 
polypnoeic response to a high ambient temperature shortens and dis- 
appears. The respiratory frequency at 20° C then begins to rise. The normal 
pattern is restored when the fleece is about 2 cm thick. If the shaved area 
is progressively increased, a similar sequence is seen in reverse order. At 
first there is a progressive reduction in respiratory frequency at 20°C 
with no delay in the polypnoeic response to a raised ambient. temperature. 
The delay then appears and lengthens as more fleece is removed. Although 
the removal of the fleece tends to cause a reduction in deep body tempera- 
ture, measured in the brachiocephalic trunk, the change in respiratory 
pattern is apparently unrelated to this and shows a clear relationship only 
to the surface area involved, or to the uniform fleece length. 

The exposure of cold receptors could possibly explain the reduction in 
respiratory frequency at 20° C, but the delayed response to heat and the 
_ abruptness of the onset of polypnoea at the end of the delay require some 

additional explanation. 
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Possible temperature-sensitive elements in or near the vena cava 
of sheep 
By J. Brian. A.R.C. Institute of Animal Physiology, Babraham, Cambridge 
When a high humidity condition is superimposed upon an already high 
ambient temperature there is a large secondary rise in respiratory frequency 
in the unanaesthetized sheep. A rise in deep body temperature also occurs: 
when this last channel of heat loss is drastically reduced. In an attempt 
to assess its importance in bringing about this secondary rise in respiratory 
frequency, cold saline was infused into the vena cava at such a rate as to 
prevent any rise in the temperature of the blood supply to the brain 
‘during the first 20 min of the high humidity condition. 

In some experiments the rise in respiratory frequency still occurred. 
Frequently, however, there was a sustained depression of respiratory 
frequency during the period of infusion with an immediate rise in respira- 
tory frequency upon its cessation. The variability: of this respiratory effect 
could not be related to the rate of infusion or to the position of the tip of 

the cannula in the vena cava. The infusion of an equal volume of saline at 
deep body temperature into the vena cava, and the perfusion of cold 
saline through a pay cannula which passed _— the skin to the 


i 
i 
4 
4 
| 
y 
. 


86P PROCEEDINGS OF THE PHYSIOLOGICAL 


femoral vein and out again, were without effect upon the normal respiratory 
response to humidity: 

It would seem that this depression of respiratory frequency is related 

only to the low temperature of the infusate, and indicates the presence of 
- temperature-sensitive elements somewhere between the point of infusion 
in the vena cava and the left side of the heart. 

A similar explanation has been offered by Blatteis (1960) for the shivering 
which resulted from the cold venous return from the hind limb of the dog 
but which could not be attributed to a change in brain temperature. 
Such temperature-sensitive elements are not necessarily specific tempera- 
ture receptors concerned in the normal processes of thermoregulation, 
but their possible presence indicates the need for caution in interpreting 


the effects of warm- and cold-saline infusion and venous occlusion experi- 


ments in determining the relative roles of peripheral and hypothalamic 

temperature receptors. 
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The effect of heating the penetaiiouns of the ox 


By D. L. Incram and G. C. Wurrrow. Department of Phystology, The 
Hannah Dairy Research Institute, Ayr 


It has been demonstrated that, although local iietleus of the hypo- 
thalamus of the ox is accompanied by panting, the increase in respiratory 
rate in response to an increase of environmental temperature occurs without 
any increase in the temperature of the blood (Bligh, 1957) or the hypo- 
thalamus (Findlay & Ingram, 1961). The present experiments were there- 
fore designed to investigate further the part played by the heat sensitive 
_ region of the hypothalamus in the regulation of body temperature. 

The hypothalamus was heated by means of an RF voltage across two 
implanted electrodes, and a thermocouple recorded the temperature to 
which the tissue was heated. In three animals, each aged 12 months, the 
hypothalamus was heated to 39-5°, 40-0°, 40-5°, 41-0° and 41-5° C, and 
measurements of respiratory rate, tidal volume and the temperature of 
‘some of the extremities were recorded. The experiments were performed 
at environmental temperatures of 0°, 15° and 30° C. 

It was found that the effect of heating the hypothalamus depended 
both on the temperature to which it was heated and on the environmenta! 
temperature. When the ambient temperature was 0° C very little effect 
was noted on either respiratory rate or the skin temperatures of the ears 
and forelegs until the temperature of the hypothalamus was 41:5° (. 
But at 15° C, an increase in the temperature of the extremities, an increase 
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in respiratory rate and a decrease in tidal volume were noted at a hypo- 
thalamic temperature of 40-5°C. When the environmental temperature 
was 30°C the increase in respiratory rate during heating of the hypo- 
thalamus was noted at a hypothalamic temperature of 39-5° C. The increase 
was maximal at a hypothalamic temperature of 40-5°—41-0° C and tended 
_ to decrease at a temperature of 41-5° C. In one animal the tidal volume 
_ increased when the hypothalamus was heated while in the oe two it 
decreased. 

When the hypothalamus was heated during hyperthermia (body 
temperature above 40-0° C) respiratory rate was little affected, but some- 
times decreased while tidal volume increased. A similar decrease in 
respiratory rate and an increase in tidal volume occurs also during severe 
hyperthermia in the ox when the temperature of the body reaches 40- 5° 
41-0° C (Findlay, ceil 
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_ The topographical representation of the visual field on the lateral 
geniculate nucleus in the cat and monkey 


By P. M. D. I. B. Kerr, K. N, ‘D. 
TERIDGE. Department of Neuropathology, Institute of Psychiatry, Maudsley 
Hospital, London, S.E. 5, and the Department of Physiology, University 
of Edinburgh 

We have mapped the projection of the visual field on the lateral genicu- 
late nucleus in the cat and monkey, using a perimeter with small spots of 
light subtending 10’ to 1° 40’, and long stainless-steel micro-electrodes of 
about 7-10 MQ impedance. 

The salient. feature of the lateral geniculate nucleus of the monkey i is 
that all layers are quite independent of each other, and that the scale of 
the representation, i.e. the magnification factor (Daniel & Whitteridge, 
1961), is the same for all the small-celled layers, ie. VI, V, IV and III. 
In the large-celled layers, i.e. II and I, the scale is about the same for the 
peripheral field but the ee of the macula area is somewhat 
reduced. 

We can confirm the findings of de Valois (1960) that cells which are 
excited only by narrow bands of colour are to be found in the small-celled 
layers. Layers VI and V contain predominantly ‘on’ centre units, those 
in IV and III are predominantly ‘off’ centre units. No narrow band 
receptors have been found in i and I, but ‘on’ and ‘off’ centre units 
are both common. 
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In the cat, layers A and A, contain cells excited from the contralateral 
and ipsilateral eye respectively. There is some tendency for ‘on’ and 
‘off’ centre units to be grouped together. Layer B contains cells which 
give much more prolonged ‘on’ and particularly ‘off’ discharges in the 
dark. They have a threshold about 1 log. unit lower than the A units, 
larger receptive fields and less marked peripheral inhibition. With con- 
siderable background illumination they show much less activity (Hubel & 
Wiesel, 1961). Nothing similar has been seen in the monkey and it seems 
very likely that this layer is especially concerned in nocturnal vision. 
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Absence of early degeneration of fibres of the orbital part of the 
cat’s optic nerve after transection of the intracranial part 


By G. 8. Brrypiey and D. I. Hamasaki. School of Optometry, University 
of California, Berkeley, California, U.S.A. 


In the cat, degenerative changes (beading or fragmentation of fibres) 
can be demonstrated by the Nauta technique in the optic nerve or optic 
tract as early as the 4th day after enucleation of the eye, and by the 7th 
day the majority of the fibres of the nerve are very conspicuously de- 
generate. But if the nerve is cut through within the cranial cavity, no 
degeneration can be seen in Nauta preparations of its intraorbital part 
up to the 9th day. The first traces appear on the 10th day, and it is not 
until after the 12th that many fibres are beaded or fragmented. | 

We conclude either that there are no fibres in the cat’s optic nerve 
whose cell bodies lie in the brain (contrary to the opinion of Cajal, 1894, 
and many later writers), or that such fibres exist but that all of them 
differ from the majority of those fibres whose cell bodies lie in the retina, 
and from other fibres of the cat’s central nervous system, in that the 
Nauta technique fails to demonstrate any sign of degeneration until the 
10th af after they have been separated from their cell bodies. 
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The production of beats by simultaneous stimulation of the human 
eye with intermittent light and alternating electric current  __ 


By G. 8. Brinpuzy. Physiological Laboratory, University of Cambridge 
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A technique for the recording of pressure changes in the human 
alimentary tract, using a radiotelemetering capsule 


By M. Ripeway and A. N. Smirx. Department of Medical Physics, Uni- 
versity of Edinburgh and Gastrointestinal Unit, Western General Hospital, 
Edinburgh 


Factors affecting emulsification of oleic acid 


By J. A. SaunpErRs. Department of Physiology, Medical School, King’s 
College, University of Durham, Newcastle wpon Tyne, | 


The action of rere on the chemoreceptors of the carotid 
body 


By N. Joxnts and E. Nem. Department of Physiology, Middlesex Hospital 
Medical School, London, W. 1 
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19.P 

Myometrium, progesterone and oxytocin 
effect on contrections and membrane 
activity of (mouse), 26 


anion per- 


Nephrectomy, drinking following deple- 
tion of body fluid without iricrease in 
osmotic pressure affected by (rat), 304 

Nerve, recurrent impulse discharges into 
muscle afferent (cat), 142 

Nerve muscle experiments, simple bath 
for (Amphibian), 51P 

Neuromuscular blocking agent, ex- 
change of labelled (guinea-pig, rabbit), 
17P 

Neuromuscular junction, transmission 


failure by triethylcholine at (cat, rab-— 


bit), 18P 

Neuronal rest, noradrenaline satires 
from spleen ‘affected by (cat), 369 

Nictitating membrane, nature of inner- 
vation of (cat), 11P 

Non-synaptic motoneurone 
anion permeability of (cat), 410 

Noradrenaline, cold vasodilatation 
affected by (man), 101 

neuronal rest effect on output by spleen 

of (cat), 365 


Occipital cortex, visual representation on 
(monkeys), 203 


xxV 


Oleic acid, factors affecting emulsification 
of (T), 89P 
Olfactory bulb, orthodromic and anti- 
dromic activation of (rabbit) (T), 16P 
Optic nerve, absence of early degenerativn 
of fibres of orbital part after section of 
intracranial part of (cat), 88P 
Oxygen, carotid body affected by change in 
p-p. of (cat), 224 
carotid body in vitro affected by changes 
in p.p. of (cat), 238 
Oxygen consumption, blood-stream cool- 
ing effect on (rabbit) (T), 40P 
Oxytocin, castration in male effect on 
vascular responses to (rat), 184 
myometrium contractions and membrane 
activity affected by progesterone and 
by (mouse), 29 
potassium content of oestrus uterus in 
vitro affected by (rat), 63 


Pacinian corpuscle, response to sinu- 
soidal vibration of (cat), 391 

Pancreas, electrolyte content and inulin 
space of (cat), 77P 

Parturition, heat loss at (sheep), 10P 

Penicillin, evoked cortical responses af- 
fected by (cat), 59P 

Phenoxyb e, noradrenaline uptake 
by tissues affected by (cat, rat), 49P 

Plasma ‘I, DNP effect on tissue uptake of 
(rat), 4 


-Pontine transection, cortical photic po- 


tentials affected by pre-trigeminal (cat), 
453 
Porter Silber chromogens, lability in 
peripheral circulation of normal and 
psychiatric cases of (man), 75P 
Post-pituitary hormones, castration in 
male effect on vascular responses to 
(rat), 183 
Post-synaptic potentials, recurrent inhi- 
bition generation of (cat), 481 
Posture, histamine inhalation effect on gas 
distribution in lungs associated with 
change in (man), 40P 
Potassium, ACh effect on movement into 
and out of diaphragm of (rat), 114 
adrenal medulla ~~ response to 
ACh affected by (cat), 44 
calcium and magnesium action on minia- 
ture end-plate potentials affected by 
(rat), 513 
Pregnancy, urinary excretion of chorionic 
gonadrotrophins in normal (man), 76P 
Presynaptic depolarization, central in- 
- hibitory action by muscle afferent 
volleys attributable to (cat), 147 


‘ 


XXvi SUBJECT INDEX 


Progesterone, myometrium contractions 
and membrane activity affected by 
oxytocin and (mouse), 27 

Pulmonary artery, effects produced by 
distension of (dog), 47P 

Pulmonary blood flow, instantaneous 
measurement of (man), 15P 


Pulmonary oedema, pulmonary stretch 


receptor activity during (cat, rabbit), 
438 

Pulmonary stretch receptors, activity 
during bronch striction, pulmonary 
oedema and atelectasis of (cat, rabbit), 
436 

Pulmonary vascular bed, site of action 
of nerves in (dog), 46P 


Receptor potential, sinusoidal vibration 
and Pacinian corpuscle (cat), 397 
Rectangular pulse stimuli, eye vergence 
response to (man), 345 

Recurrent inhibition, post-synaptic po- 
tentials generated by (cat), 481 

Refractoriness, cutaneous nerve impulses 
and (elasmobranchs), 555 

Renal lymph, pressor material in (dog), 
35P 

Renshaw cells, anions reversal of inhi- 
bitory post-synaptic potential induced 

by (cat), 412 


phy investigations on 
(cat), 461 

Repetitive discharge, Pacinian corpuscles 
showing (cat), 403 

Repetitive nerve volleys, excitatory post- 
synaptic potentials depression by (cat), 
152 

Resistance breathing, pulmonary stretch 
receptor activity during (cat, rabbit), 


Respiratory volumes, simple method of 
measnring (T), 57P 


Saccadic eye movements, smooth track- 
- ing movements relation to (man), 326 
Saliva, method of separate collection of 
parotid and mandibular (T), 57P 

stimulus type effect on composition of 

(man), 73P 

Salt glands, studies of (birds) (T), 56P 

Sartorius, heat produced after last shock 
of a tetanus by (frog, toad), 518 

Sense organ, cutaneous nerve as (elasmo- 
branchs), 560 

Serotonin, bronchoconstrictor action of 
(rabbit, guinea-pig), 381 

Shearing, delayed polypnoeic response to 
heat caused by (sheep), 84 P 


Shivering, chemoreceptors and (rabbit), 
26P 

Skeletal muscle, double twitch of (cat), 
500 


extensibility of voluntarily contracted 
(man), 22P 

heat produced after last shock of a tetanus 
by (frog, toad), 518 

Skeletal muscle afferent fibres, dorsal 

root reflexes evoked by types of (cat), 
133 

dorsal root reflexes responding to types of 
(cat), 138 


Skeletal muscle afferent volleys, pre- 


synaptic depolarization causing central 
inhibitory action of (cat), 147 

Skin, galvanic polarization of (elasmo- 
branchs), 559 

Skin mechanoreceptors, single unit re- 
sponses from (frog) (T), 57P 

Skin melanin pigmentation, female sex 
hormones effect on (guinea-pig), 79 P 

Slow-adapting receptor, properties of 
(crayfish), 316 

Small intestine, taurocholate effect on 


amino-acid production by (rat),57P 


Smooth tracking movements, saccadic 
movements relation to, 326 
Sodium, ACh effect on movement into and 
out of diaphragm of (rat), 114 
portable apparatus for recording clear- 
ance rate from calf muscle. of radio- 
active (man) (T), 56P 


Spike potential, anions influence on moto- 


neurone (cat), 427 

Spinothalamic system, functional char- 
acteristics of (cat) (T), 30P 

Spleen, neuronal rest effect on sympathetic 
transmitter output by (cat), 365 

perfusion of (cat) (T), 17P 

Splenic nerve stimulation, noradrenaline 
overflow affected by rate of (cat), 367 

Step stimuli, eye vergence response to 
(man), 342 

Stimulator, minimal transistor?, 14 P 

Stomach, blood supply of colon.and (man) 
(T), 56P 

pregnancy effect on histidine decarboxy- 

lase activity of (rat), 66P 

Stop-flow analysis of urine, pedal- 
operated fraction-collector for (T), 17? 

Stretch receptors, tension changes i 
(crayfish), 310 

Stretch-tension relation, fast- and slow- 
adapting receptor organs (crayfish), 312 

Succinylcholine, intra- and extra-fusa! 


muscle fibres resistance to (rabbit), 


285 
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SUBJECT INDEX 


Sucrose, catecholamines release from 
adrenal medulla by (cat), 51 
Sympathetic stimulation, carotid body 
activity affected by (cat), 251 
Sympathetic transmitter, neuronal rest 
effect on output by spleen of (cat), 365 
Synaptic activation, time course of Ren- 
shaw cell (cat), 462 
Synaptic motoneurone membrane, anion 
permeability of (cat), 410 


Temperature, carotid body in vitro af- 
fected by rise of (cat), 247 
latency of cutaneous action potential 
affected by (elasmobranchs), 553 
Pacinian corpuscle response to sinusoidal 
vibration affected by (cat), 396 
Tetanus, heat produced after last shock of 
a (frog, toad), 518 
Thermal stimulation, cutaneous nerve 
stimulation by (elasmobranchs), 561 
Thyroid gland, DNP effect on uptake of 
iodine-containing compounds by (rat), 


4 
Thyroid hormones, DNP effect on uptake 
by erythrocytes and diaphragm of 
labelled (man, rat), 15 
Tooth structure, optical and electron 
- microscope studies of (man), 55P 
Tracking eye movements, saccadic re- 
lation to smooth (man), 326 
Transitional epithelium, structure and 
‘behaviour of (rat), 36P 


XXVii 
Triethylcholine, transmission failure at 


neuromuscular junction produced by 
(cat, rabbit), 18 P 


Uterus, progesterone and oxytocin effect on 
contractions and membrane activity of 
pregnant and post-partum (mouse), 26 — 

water, sodium and potassium metabolism 
_ mn vitro of oestrus (rat), 58 


Vagotomy, diuresis induced by left atrial 
distension affected by (dog), 93 

Vasodilatation, propagation in skin by 
an apparently non-neural mechanism 
of (man), 39P 

Vasopressin, castration in male effect on 
vascular responses to (rat), 184 

diuresis induced by left atrial distension 

Vena cava, possible temperat nsitive 
elements in or near (sheep), 85 P 

Venom, ACh, 5-HT, histamine and a new 
kinin identified in (hornet), 167 

Vertebrobasilar circulation, pial vessels 
in middle cerebral field supplied by 
(monkey), 79 

Visual acuity (insects), 64P 

Visual field, representation on cerebral 
cortex of (monkeys), 203. 


X-rays, apparatus for studying immediate 


effects on nerve and muscle of (T), 
16P 
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